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Graphene, the parent of all graphitic forms including fullerene, carbon nanotubes, 
and graphite, is a two dimensional building material for carbon materials of all other 
dimensionalities. Among them, graphene and carbon nanotubes have been extensively 
studied in such fields as polymer composites and electrochemical energy storage and 
conversion due to their high specific surface area, excellent conductivity, good stability, 
high electron mobility, and good mechanical performance. Thus, the goal of this study is 
to achieve improved physical properties of polymer composites and enhanced 
electrochemical performance of composite electrodes for lithium ion batteries by utilizing 
and modifying carbon nanotubes and graphene, respectively.    
When carbon nanotubes are well-dispersed in polymer matrices, it exhibits 
improved mechanical, electrical, and thermal properties. Furthermore, when they are both 
dispersed and aligned, it could also show much enhanced anisotropic physical properties. 
There are various methods to obtain the alignment of carbon nanotubes in polymer 
matrices, which include electric, magnetic, electro-spinning, spin casting, or shear flow. 
Among them, the magnetic field is one of the efficient methods for aligning carbon 
nanotubes. However, the magnetic susceptibility of carbon nanotubes is very low; thus, 
strong magnetic field strength is required. One way to obtain facile alignment of carbon 
nanotubes by applying an external magnetic field is to engineer magnetic hybrid 
nanostructures, which illustrate that carbon nanotubes are tethered with magnetic 
nanoparticles, such as maghemite (γ-Fe2O3) or magnetite (Fe3O4). For obtaining the 
hybrid nanostructures, a novel and easy synthesis method, modified sol-gel process, was 
 xvii
developed, from which individual and separate magnetic nanoparticles could be obtained 
on the surface of carbon nanotubes. As-prepared magnetic carbon nanotubes (m-CNTs) 
showed strong magnetic response to a low magnetic field (< 0.3 T) and were aligned 
parallel to the direction of magnetic field in polymer matrices. If a sufficiently large 
homogeneous magnetic field is applied, the magnetic moments of the nanoparticles align 
in parallel, and the resulting dipolar interactions are sufficiently large to overcome 
thermal motion and to reorient the m-CNTs favoring the formation of chains of aligned 
carbon nanotubes. These chainlike structures are formed by connecting the m-CNTs in 
line, touching each other in a head-to-tail fashion, i.e., north to south pole. Since the north 
and south poles of the dipolar nanomagnets attract each other, while particles coming 
close to each other side by side with the magnetization direction parallel will repel each 
other, the m-CNTs could be dispersed as well as aligned. Moreover, due to this end-to-
top connectivity, which generates higher aspect ratio, improved anisotropic electrical and 
mechanical properties could be realized. 
Li-ion batteries (LIBs) have been widely used as power sources for portable 
electronic devices and electronic vehicles, and attracted a variety of attention due to their 
high energy density and power density. In this system, electrode materials are very 
significant for the enhanced electrochemical performance. Graphene has been widely 
used as anode materials for LIBs due to its outstanding properties. However, it has 
characteristics such as large irreversible capacity loss, low initial columbic efficiency, 
and rapid capacity fading. One efficient way to improve the capacity and cycle 
performance of LIBs is to introduce graphene-based hybrid nanostructured electrodes 
with another component being popular LIB materials such as oxide, metal, and carbon. 
 xviii
Based on this perspective, graphene/iron oxide hybrid nanostructures were developed, 
where modified sol-gel process for the synthesis was adopted again, and its morphology 
represented that mono-disperse and individual magnetic nanoparticles were tethered on 
the graphene sheets as observed in carbon nanotube system. The as-prepared 
graphene/iron oxide composite, graphene/γ-Fe2O3, were used as an anode material for 
LIBs. This hybrid nanomaterial, due to their specific morphology and characteristics, 










1.1 Carbon Nanotubes (CNTs)  
 It was not until 1991 that Sumio Iijima discovered and launched the research area 
of carbon nanotubes. Iijima found that carbon fibers in a carbon arc were hollow and on 
the nanoscale in size.1 This led to the expansion and continuation of research on the 
nanotubes, which has allowed for numerous development and achievement in a variety of 
fields of study such as catalyst synthesis, medicine, and electronics.2-4  
 
 
Figure 1.1. Electron micrographs of microtubules of graphitic carbon. Parallel dark lines 
correspond to the (002) lattice images of graphite. (a) Five graphitic sheets; (b) Two 
sheets; (c) Seven sheet tube.1 
 
 There are three different types of carbon nanotubes: single wall carbon nanotubes 
(SWNTs), double wall carbon nanotubes (DWNTs), and multi wall carbon nanotubes 
 2
(MWNTs). A SWNT with a diameter of 1-2 nm is comprised of a single graphene layer 
wrapped into a cylindrical shape, and hemispherical caps seal both ends of the tube. 
SWNT can be further divided into three classes; that is to say, zigzag, armchair, and 
chiral that depend on the arrangement of hexagons in their structures as shown in Figure 
1.2.5 On the contrary, MWNT consists of a number of graphene layers coaxially rolled 
together to form a cylindrical tube. Each carbon atom within the atomic layer of a 
graphene sheet is covalently bonded to three neighboring carbon atoms. Three sp2 
orbitals on each carbon form σ-bonds to three other carbon atoms. One 2p orbital remains 
unhybridized on each carbon; thus, these orbitals perpendicular to the plane of the carbon 
ring combine to form the π-bonds. The atomic interactions between the neighboring 
layers are the van der Waals forces.6 
 
 
Figure 1.2. (a) The construction of a CNT from a single graphene sheet. Wrapping 
vectors along the dotted lines lead to tubes having zigzag or armchair. All other wrapping 
angles lead to chiral tubes whose wrapping angle is specified relative to either the zigzag 
direction (θ) or to the armchair direction (φ=30o - θ). Dashed lines are perpendicular to C 
and run in the direction of the tube axis designated by vector T. The vector H is 
perpendicular to the armchair direction and specifies the direction of nearest-neighbour 
hexagon rows. (b) Atomically resolved STM images of individual SWNTs. Tubes no. 10, 





1.1.1 Physical Properties of CNTs 
1.1.1.1 Mechanical Properties of CNTs 
 The mechanical properties of CNTs originate from the strong C=C double bonds, 
which yield a very large Young’s modulus in their axial direction (1.4 TPa for SWNTs).7 
CNTs have an expected elongation-to-failure of 20-30%, which, combined with their 
stiffness, projects to a tensile strength well above 100 GPa (for instance, steel: 1-2 GPa).8 
However, both Young’s modulus and tensile strength are strongly reduced by the 
presence of defects in the graphitic walls of CNTs, such as Stone-Wales defects. Hence, 
experimental values tend to be considerably smaller than theoretical predictions. Because 
of their high aspect ratio, CNTs are also very flexible and thus potentially suitable for 
applications in composite materials that require anisotropic properties.9  
 
1.1.1.2 Thermal Properties of CNTs 
 Theoretical works predicted room temperature thermal conductivities of 
individual SWNTs of up to 6600 W m-1 K-1.10 CNTs would therefore transmit nearly 
twice as much heat as isotopically pure diamond. Experimental studies give somewhat 
lower values, with Hone et al. reporting room temperature thermal conductivities of 300 
W m-1 K-1 for bulk SWNTs and of 3000 W m-1 K-1 for individual MWNTs.11 
 
1.1.1.3 Electrical Properties of CNTs 
 The electrical resistivity of CNTs is determined by the unique structure of 
graphite and the quantum mechanical properties associated with their one-dimensional 
character and small size, which results in the near-total elimination of electron collisions 
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(or scattering). Thus, CNTs are ballistic conductors, whose resistance is independent on 
the nanotube length. Furthermore, they can carry the highest current density of any 
known material, with reported measurement as high as 109 A cm-2. For comparison, 
copper wires burn out at 106 A cm-2.12 Depending on their helicity and diameter, CNTs 
can be either metallic or semiconducting. Figure 1.3 shows the schematic diagram of how 
a hexagonal sheet of graphene is rolled to form a carbon nanotube.13  
 
 
Figure 1.3. Schematic diagram showing how a hexagonal sheet of graphene is rolled to 
form a carbon nanotube.13 
 
The various ways of rolling graphene into tubes are described by the tube chirality (or 
helicity or wrapping) as defined by the circumferential vector, 
→→→
+= 21 amanCh  
 Where the integers (n, m) are the number of steps along the unit vectors (
→
1a  and 
→
2a ) of the hexagonal lattice. Using this (n, m) naming scheme, the three types of 
orientation of the carbon atoms around the nanotube circumference are specified as arm 
chair (n = m), zigzag (n = 0 or m = 0), or chiral (all others).  This is of significance as 
 5
semiconducting SWNTs may perform better in applications that involve charge transfer 
processes, including sensors, field emission devices, and photocatalytic applications, 
while metallic CNTs are preferred as interconnects in electronic devices or as conductive 
filler in CNT-composites.  
 
1.1.1.4 Optical Properties of CNTs 
 The optical properties of carbon nanotubes refer specifically to the absorption, 
photoluminescence, and Raman spectroscopy of carbon nanotubes. Spectroscopic 
methods offer the possibility of quick and non-destructive characterization of relatively 
large amounts of carbon nanotubes. In addition, carbon nanotubes exhibit intrinsic 
anisotropic optical properties. Orientation of carbon nanotubes can be determined 
through resonance enhanced Raman spectroscopy as a function of polarization 
direction.14-17 
 In summary, due to their remarkable mechanical, electrical, optical, and thermal 
properties, CNTs promise enormous potential for a variety of technological areas in the 
energy, information, aerospace, medicine, and chemical industries. The overall properties 








Table 1.1. Summary of physical properties of CNTs in comparison with graphite.18, 19 
Property MWNTs SWNTs graphite 
Specific gravity  
[g cm-3] 
~ 1.8  ~ 0.8 2.26 
Strength [GPa] 10-60 50-500  
Elastic modulus [TPa] ~ 0.3-1 ~ 1.4 1 TPa (in plane) 
Resistivity [μΩ cm] 5-50 50 (in plane) 
Thermal conductivity 
[W m-1 K-1] 




-1 x 10-6 (in plane) 
29 x 10-6 (c-axis) 
Thermal stability 
[oC] 
600-800 in air 
2800 in vacuum 
450-650 in air 
Magnetic susceptibility  
[EMU g-1] 
22 x 106 (perpendicular) 
0.5 x 106 (parallel) 
0.5 x 106 (parallel) 
 
 
1.2 CNTs-Inorganic Hybrids 
 In general, CNTs possess large specific surface areas due to their hollow 
geometry, while their structural integrity and chemical inertness support high oxidation 
stability. In addition, they include other advantages like exceptional physical properties 
as discussed in the previous section. Therefore, due to CNTs’ remarkable electrical, 
mechanical, and thermal properties, CNTs are able to promise enormous potential for 
various technological areas such as energy, aerospace, medicine, composite 
reinforcements, chemical sensors, or actuators. For the same reasons, they are promising 
building blocks for hybrid materials. The decoration of CNTs with various compounds 
and various structures could increase the tunability of their properties, such as their 
electrical and magnetic characteristics.20, 21 Recently, various inorganic nanoparticles 
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have been attached to the external surface of CNTs or filled inside CNTs through several 
experimental methods.22, 23 In this context, the control of the size of these tethered 
nanoparticles is of primary importance for the purpose of tailoring the physical and 
chemical properties of these hierarchical materials. Many CNTs-inorganic hybrid 
structures have been reported.24-33 Thus, among various CNTs-inorganic hybrid structures, 
the following Chapter will address and focus on CNT/iron oxide hybrid structures.  
 
1.2.1 Structure of Iron Oxide Nanoparticles 
 Maghemite (γ-Fe2O3) and magnetite (Fe3O4) are a type of spinel structure 
(A2+B23+O42-), but they have an inverse spinel crystal structure. A normal spinel has the 
formula AB2O4 with A atoms in the tetrahedral sites and B atoms in the octahedral sites. 
Inverse spinels have B atoms in the tetrahedral sites and both A and B atoms in the 
octahedral sites as shown in Figure 1.4.34 The unit cell of Fe3O4 has 56 ions including 24 
Fe cations and 32 oxygen anions organized as (Fe83+)Te[Fe83+Fe82+]OcO322- and maghemite 
has 53.3 ions including 21.33 ferric cations and 32 oxygen anions organized as 
(Fe83+)Te[Fe40/33+ ⊗ 8/3]OcO322-. The arrangements of atoms in Fe3O4 and γ-Fe2O3 are 
similar with a slight difference in that the eight Fe2+ atoms in the octahedral sites of the 
Fe3O4 unit cell are replaced by 16/3 Fe3+ atoms and 8/3 vacancies in the unit cell.  
 Figure 1.5 shows the structure of maghemtie and magnetitie.35 The main 
difference between the two species is the presence of ferric ions only in γ-Fe2O3, and both 
ferrous and ferric ions in Fe3O4. As a result, while the magnetic properties of Fe3O4 are 
superior, γ-Fe2O3 is more stable, since the iron cannot be further oxidized under ambient 
conditions. This renders γ-Fe2O3 easier to work with, especially in the presence of 
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organic solvents and organic ligands, and hence, has been widely used for magnetic 
storage in a variety of fields such as floppy disks and cassette tapes. 
 
 
Figure 1.4. Schematic model of the spinel unit cell structure.34 
 
 
Figure 1.5. The structures of (a) magnetite (Fe3O4) and (b) maghemite (γ-Fe2O3).35 
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1.2.2 Preparation of Magnetic CNTs (m-CNTs) 
 Iron oxide nanoparticles, such as magnetite (Fe3O4) and maghemite (γ-Fe2O3) 
discussed in previous section, have been of technological and scientific interest due to 
their unique electric and magnetic properties. These nanoparticles can be used in such 
diverse fields as high-density information storage and electronic devices.36-38 Correa-
Duarte et al.39 coated CNTs with iron oxide nanoparticles (magnetite/maghemite) via a 
layer by layer (LBL) assembly technique and aligned CNT chains in relatively small 
external magnetic fields as shown in Figure 1.6. Subsequently, the resulting magnetic 




Figure 1.6. TEM images at lower (a) and higher (b) magnifications of iron oxide-coated 
CNTs and photographs of dispersions in aqueous solution with different concentrations 
(c) and manipulated by an external magnetic field (d).39 
 
 Cai et al.40 decorated CNTs with magnetite nanoparticles in liquid polyols. As a 
result, these nanoparticles could have significant potential for application in the fields of 
sensors. In addition, Gao et al.41 initiated the self-assembly of magnetite particles along 
MWNTs via a hydrothermal process. The resulting materials feature nanoparticle beads 
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along the CNT surface, rendering this as an appropriate material to be used as a 
functional device. 
 Maghemite, γ-Fe2O3, is the allotropic form of magnetite, Fe3O4. As discuseed in 
previous section, these two iron oxides are crystallographically isomorphous. Even 
though γ-Fe2O3 is more stable, since the iron cannot be further oxidized under ambient 
conditions, maghemite-CNT nanocomposites have not been studied as extensively as 
magnetite-CNT nanocomposites, with the exception of several examples. Liu et al.42 
decorated MWNTs with maghemite via the pyrolysis of ferrocene at different 
temperatures. This product is expected to provide an efficient way for the large-scale 
fabrication of magnetic CNT composites. Youn et al.43 decorated SWNTs with iron oxide 
nanoparticles along the nanotube via a magneto-evaporation method. The nanotubes were 
aligned vertically on ITO surfaces, suggesting the possibility of rendering this process 
adequate and cost-effective for the mass production. The method described in this work 
consisted of the use of an iron-oleate complex, oleic acid, and truncated SWNTs to create 
iron oxide nanoparticles. The research also demonstrated the anisotropic properties of 
vertically aligned SWNTs in a nanocmoposite by comparing current densities of the 
aligned and non-aligned CNTs.  
 Keeping pace with these researches’ streaming, for the synthesis of magnetic 
carbon nanotube hybrid structures, Chaper 2 will describe and report a convenient 
approach for the decoration of MWNTs with near-monodisperse maghemite 
nanoparticles by employing a simple modified sol-gel process (in situ process) with an 
iron salt as precursor, followed by calcination in order to create a sound basis for 
potential future applications. The resulting nanomaterials are superparamagnetic at room 
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temperature, and hence, are conducive to facile alignment under relatively low magnetic 
field. This general approach could greatly facilitate the formation of highly anisotropic 
materials that would benefit from the enhancement of properties mediated by CNT 
alignment in various matrices. 
 
1.3 Polymer-CNT Nanocomposites 
 Filler-containing polymer-based composites, affording the development of 
lightweight strong structures and materials with enhanced electrical and thermal 
properties, have been widely investigated in recent years. In this context, nanoscale fillers 
have been considered particularly interesting, since these have a considerable ability to 
induce important changes in various properties even at low concentrations. For example, 
carbon black, silicas, clays, and carbon nanofibers have been utilized in order to improve 
mechanical, electrical, and thermal properties of polymers.44  
 More recently, carbon nanotubes (CNTs)1 have been extensively examined in the 
role of nanofillers due to the superior properties that they can impart when adequately 
dispersed in polymeric matrices.45-51 Thus, many attempts to make use of CNT’s 
properties in composites have focused on mechanical reinforcement, and the 
enhancement of electrical and thermal conductivities of polymers. These composite 
systems have numerous applications.9, 52 Furthermore, the interface between CNTs and 
polymer matrices is a significant parameter for the final nanocomposite properties.53  
 The alignment of carbon nanotubes in polymer matrices is also of great 
importance when attempting to determine the properties of carbon nanotube composites. 
Hence, the following two sub-sections will address the studies on both the dispersion and 
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alignment of the carbon nanotubes within the polymer matrix and the properties of semi-
crystalline polymer-CNT nanocomposites. 
 
1.3.1 Alignment Strategies of CNTs in Polymer Matrices 
 Alignments of CNTs by electric, shear induced field, and magnetic field were 
reported previously by several groups.54, 55 Bauhofer group56 successfully demonstrated 
the application of AC electric fields allowing both the alignment of carbon nanofibers in 
epoxy resin and their connection into a network. Zhu group57 studied electric field 
aligned MWNT/epoxy nanocomposites with a sample size of up to several centimetres 
using fast UV polymerization, showing significant anisotropic properties for storage 
modulus and electrical conductivity.  
 For the characterization of aligned composite systems using shear induced field, 
Camponeschi et al.58 probed the effects of shear flow on the alignment of dispersed 
SWNTs in polymer solutions. The sample solutions were placed in the 8.5 mm gap 
between the outer cylinder and the spindle. In turn, the spindle was allowed to rotate for 
one week at several different angular velocities ranging from 12 to 100 rpm. TEM 
samples were taken in situ from the solutions flowing in circular motion in the gap 
between the outer cylinder and inner cylinder. In this experimental set up, for systems in 
which effective dispersion of the carbon nanotubes was achieved by the combined action 
of both sodium dodecylbenzenesulfonate (NaDDBS) and Carboxymethylcellulose 
(CMC) as surfactants. The only system in which tube alignment was observed was for the 
NaDDBS/CMC/SWNT solution that was subjected to shear stresses at the highest 
angular velocity (i.e. 100 rpm) used in the experiments. 
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 A high magnetic field is another efficient and direct way to align carbon 
nanotubes. Tanimoto group have found that a high magnetic field of 7 T aligns arc-grown 
MWNTs.59 They dried MWNT dispersion in methanol under a constant magnetic field 
and observed the MWNTs alignment parallel to the magnetic field. This result was 
explained by the difference between the diamagnetic susceptibilities parallel ( //χ ) and 
perpendicular ( ⊥χ ) to the tube axis; if ⊥χ  is larger than //χ , a MWNT tends to align 
parallel to the magnetic field by overcoming thermal energy.59 More recently, Steinert 
and Dean obtained solution cast PET-carbon nanotube composite films by applying a 
magnetic field, resulting in increased conductivity with the increase of the applied 
magnetic field.60 Furthermore, Camponeschi et al.61 prepared magnetically aligned 
carbon nanotube composite systems; thus, carbon nanotubes were aligned parallel to the 
direction of magnetic field, resulting in enhanced mechanical properties. However, due to 
the low magnetic susceptibility of carbon nanotubes, their alignment by the application of 
an external magnetic field requires a relatively high magnetic field. This draw-back could 
be solved by enhancing the magnetic susceptibility of carbon nanotubes by tethering 
magnetic nanoparticles on their surface. 
 
1.3.2 Semi-crystalline Polymer/CNTs Nanocomposites 
 Semicrystalline polymer matrices filled with CNTs have been extensively studied, 
particularly given the fact that CNTs have the potential to nucleate the polymer 
crystallization.16, 62-64 One example of semicrystalline polymers is the biodegradable and 
biocompatible polyethylene oxide (PEO) that has drawn extensive attention because of its 
potential use in drug delivery, tissue engineering, packing materials, etc.65-67 Goh et al. 
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studied the fullerene-capped-PEO(FPEOF)/acid-treated CNTs nanocomposites, and 
reported that the incorporation of the CNTs into the polymer matrix has no significant 
effect on the crystallization behavior of FPEOF.68 Chatterjee et al. studied the dispersion 
of CNTs in PEO assisted by the presence of surfactants, and reported the reduction in 
both melting temperature and crystallinity of the resulting nanocomposite with the 
increase in CNTs content.69 Furthermore, Jin et al. found reductions in nucleation density, 
crystallinity, and crystallization rate of PEO embedded with chemically modified CNTs 
nanocomposites.70 These nanocomposite systems could be classified as exhibiting anti-
nucleation effects of CNTs. Conversely, other cases have shown different results. For 
example, Shieh et al. studied on PEO/CNT-g-PMMA composites. They found that the 
PMMA grafted onto CNTs serves as a nucleating agent for the crystallization of PEO, 
resulting in higher crystallization rate than that of unmodified CNTs.71 Priftis et al. 
prepared CNTs grafted with PEO, which also showed higher crystallization rate for the 
CNTs-g-PEO. The strong impact on the nucleation and crystallization kinetics was 
attributed to the covalent CNT-PEO bonding.72  
 For the polymer nanocomposite system in this study, hybrid materials, i.e. 
MWNT/γ-Fe2O3, is introduced into a PEO polymer matrix, and as-prepared 
nanocomposite solution is applied to an external magnetic field (below 0.3 T) in order to 
generate anisotropic features. The effective alignment of CNTs tethered with magnetic 
nanoparticles required only a weak magnetic field as compared with other methods in 
which alignment is obtained only by exposure to high magnetic fields.61, 73 Thus, Chapter 
4 will address a method of fabricating electrically conductive and flexible PEO/magnetic 
carbon nanotube (m-CNT) composite films that were placed under a weak magnetic field.  
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1.4 Graphene Nanosheets (GNs)  
 Following the astonishing discoveries of fullerene and CNT, the emergence of 
graphene nanosheet (GN) has recently opened up an exciting new field in the science and 
technology of two-dimensional nanomaterials.74 It possesses single or a few layers of sp2 
hybridized carbon atoms arragned in six-membered rings. In addition, it is the parent of 
all graphitic forms including fullerene, carbon nanotubes, and graphite as shown in 
Figure 1.7.75, 76  
 
 
Figure 1.7. Graphene, the parent of all graphitic forms, is a two-dimensional building 
material for carbon materials of all other dimensionalities. It can be wrapped up into 
fullerene, rolled up into nanotube, and stacked into graphite.75, 76 
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 Although GN is expected to be perfectly flat, ripples occur due to the thermal 
fluctuations.74, 75 GN is stable as well as exhibits remarkable optical, electronic, thermal, 
and mechanical properties, including high values of the Young’s modulus of ~1100 
GPa,77 fracture strength of ~125 GPa,77 thermal conductivity of ~5000 W m-1 K-1,78 
mobility of charge carriers of 200,000 cm2 V-1 s-1,79 theoretical specific surface area of  
2,630 m2 g-1,75 excellent chemical stability, high optical transmittance, and so on. 
Significantly, these attractive properties generate enormous interest from different 
scientific communities such fields as biomedicine, reinforced composites, catalysis, 
sensors, energy conversion and storage, and electronics for displays and solar cells. 
 
1.4.1 Synthesis of Graphene 
1.4.1.1 Chemical Vapor Deposition (CVD) for Graphene 
 The CVD processes utilize transition metal surfaces for the growth of GN by 
using hydrocarbon gases as GN presursors at the deposition temperature of ~1000 oC. 
Ruoff et al. reported a CVD method for large area synthesis of high quality and uniform 
GN films on Cu foils by using a mixture of methane and hydrogen as precursors.80 The 
as-obtained films are predominantly single-layer GN as shown in Figure 1.8. The 
modification of the CVD process, which generally leads to less strict conditions, has been 
also utilized to produce high quality GN films; for example, achievements from the 
groups of Dervishi et al.81 using radio frequency (RF) catalytic CVD route, Kong et al.82 
utilizing ambient pressure CVD on polycrystalline Ni films, and Duesberg et al.83 
applying a low-temperature CVD process. These modified approaches have exhibited the 
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results such as the prevention of the formation of amorphous carbon or other types of 
unwanted products and the obtainment of high-quality large-area GN films. 
 
 
Figure 1.8. (a) SEM image of GN on a cupper foil (growth time: 30 min). (b) HRSEM 
image representing a cupper grain boundary and steps, two- and three-layer GNs, and 
graphene wrinkles. Inset shows TEM images of folded graphene edges of one layer (1L) 
and two layers (2L), respectively.80 
 
1.4.1.2 Epitaxial Growth of Graphene on Silicon Carbide 
 Epitaxial growth on silicon carbide (SiC) is a very promising method for the 
synthesis of uniform and wafer-size GN layers, where single crystal SiC substrates are 
heated in vacuum to high temperatures in the range of 1200-1600 oC. Thus, these 
research have been conducted in several groups, Shivaraman et al.,84 Aristov’s group,85 
and Seyller et al..86 However, these strict conditions for GN such as high temperature, 
ultrahigh vacuum, inert atmosphere, and single crystal substrate in most cases can limit 





1.4.1.3 Substrate Free Gas-Phase Synthesis of Graphene 
 The substrate free gas-phase strategy has become a successful method for the 
synthesis of high quality GN.87, 88 This is able to continue GN production at ambient 
conditions, which include sending an aerosol consisting of liquid ethanol droplets and 
argon gas directly into atmospheric pressure microwave-generated argon plasma. Dato et 
al. reported a novel technique to synthesize GN in the gas phase using a substrate free, 
atmospheric pressure microwave plasma reactor as shown in Figure 1.9.87 The obtained 
GN was found to show easy dispersion in methanol by using sonication, resulting in the 
formation of a homogeneous black suspension. However, its as-prepared GNs’ layer 
number was hard to control and few-layer GN was usually contained in the product, 
which could affect the properties of electronics. 
 
 
Figure 1.9. (a) Schematic illustration of the atmospheric pressure microwave plasma 
reactor. (b) A photograph of GNs dispersed in methanol. (c) TEM image of GNs; the 
arrow bars show homogeneous and featureless regions. (Scale bar: 100 nm).87 
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1.4.1.4 Reduction of Graphene Oxide 
 Extensive reviews for the preparation of dispersions of graphene oxide platelets 
and reduced graphene oxide (rGO) platelets made from graphite oxide have been recently 
appeared.79, 89 Generally, graphite oxide is synthesized by the Brodie,90 Staudenmaier,91 
Hummers method,92 or some modification of these methods. All three methods involve 
oxidation of graphite to a variety of levels. For example, Brodie and Staudenmaier used a 
combination of potassium chlorate (KClO3) with nitric acid (HNO3) in order to oxidize 
graphite. The Hummers method involves the treatment of graphite with potassium 
permanganate (KMnO4) and sulfuric acid (H2SO4).  
 Figure 1.10 represents a proposed structure of graphene oxide that is supported by 
solid-state nuclear magnetic resonance (SSNMR) experiments on 13C-labeled graphite 
oxide.93, 94 The polar oxygen functional groups of graphite oxide render it hydrophilic; 
thus, graphite oxide is able to be exfoliated in many solvents as well as dispersed 
particularly well in water.95 
 
 
Figure 1.10. A proposed schematic representation of graphene oxide structure.94  
 
 Oxidative exfoliation of natural graphite by thermal or oxidation method and 
subsequent reduction has been evaluated as one of the most efficient technique for low 
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cost, large scale production of GN. In this method, the abundant oxidization of graphite 
produces graphene oxide, which has disrupted conjugation in the plane, missing carbon 
atoms in the plane, and heavy functional groups weaken the van der Waals interactions 
between the layers of graphene oxide and make them hydrophilic.75, 96 However, due to 
their strong hydrophobicity, GN obtained from the reduction of graphene oxide generally 
suffers from limited solubility or even irreversible agglomeration. Thus, it makes further 
processing and application difficult. Li et al. reported that reduced GN could be prepared 
by maintaining a high pH value during chemical reduction without the need for 
polymeric or surfactant stabilizers.97  
 Amphiphilic functional molecules such as DNA, conjugated-polyelectrolyte, 
lignin and cellulose derivatives, ionic liquid, nonionic polymeric surfactants, and 
cyclodextrin have been shown to act as agents to enhance the solubility of GN.98-107 This 
is because the hydrophobic part of amphiphilic functional molecules could form a strong 
π-π interaction with the chemically reduced GN whereas the hydrophilic side chains on 
the surface of GN prevented the GN aggregation via the electrostatic and steric repulsions. 
 In the chemical reduction techniques, toxic substances such as hydrazine and 
NaBH4 were usually used to reduce graphene oxide. Thus, it is desirable to explore a 
non-toxic and stable agent for the reduction of graphene oxide. Guo et al.108 and Zhang’s 
group109 have used ascorbic aced and sugars as reducing agents for the green chemistry 
route. 
 Novel dehydration or deoxygenation process has also exhibited effective route to 
obtain GN with high stability. Those stable GN suspensions could be prepared by simply 
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heating a graphene oxide suspension under strongly alkaline conditions at moderate 
temperatures (50-90 oC) as shown in Figure 1.11.110  
 
 
Figure 1.11. (a) The illustration of the deoxygenation of exfoliated graphene oxide under 
alkaline conditions. (b) The images of the exfoliated graphene oxide suspension before 
and after reaction. The control experiment was carried out by heating the graphene oxide 
suspension without NaOH and KOH at 90 oC for 5 h with the aid of sonication.110 
 
 To disperse GN in organic solvents is another effective method because some 
important applications need to be conducted in organic systems such as catalytic 
reactions, and for the design of GN-polymer nanocomposites. Interesting functional 
molecules such as ethylenediamine (EDA) and end-functional polymers have been 
employed for promoting the dispersibility of GN in organic solvent.111, 112 Mentioned 
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1.5 Graphene-Based Hybrids 
 Appropriate combination of different nanoscale materials with different 
morphologies, shape, or components may lead to the development of multifunctional 
nano-assembled systems that exhibit simultaneously novel electronic, optical, magnetic, 
and mechanical properties with enhanced performance. Particularly, the synthesis and 
design of multi-component hybrid nanostructures including at least one GN component is 
topical due to both the particular properties of GN and synergistic properties induced by 
different functional nanoscale objects. 
 Therefore, this section will address recent achievements on how to develop both 
effective strategies for synthesizing high-quality graphene/oxide hybrids and graphene-
based electrode materials for energy storage applications; specifically, the graphene-iron 
oxide hybrid composite as an anode material for lithium ion battery. 
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1.5.1 Graphene/Oxide Hybrids 
 In the past decades, oxide nanomaterials have received considerable attention due 
to their promising optical, electronic, magnetic properties, and significant applications in 
the field of biomedicine, optoelectronics, energy and sensors, and so on.  
 The development of graphene/oxide composites provides an important milestone 
in order to improve the application performances of oxide materials in such various fields 
as energy harvesting, conversion and storage device, nanoelectronics, and nano-optics 
and conductors, because the hybrid structures could exhibit versatile properties with 
performances superior to those of the individual oxide nanomaterials. 
 In order to construct high-quality graphene/oxide hybrids, important points should 
be addressed: 
(a) GN should have high solubility in the solution throughout the experiments, which is 
important to keep individual graphene sheets to maximize its performance in the 
hybrids. 
(b) The surface of graphene nanosheets should contain some oxygen-containing groups 
to promote the effective linkage between GN and oxide. 
(c) The morphology of the oxide should be controlled to the desirable structure for 
optimizing its properties. 
 
 Driven by these significant key points, many groups have developed novel routes 
for developing graphene/oxide hybrids including oxide components such as SiO2,113, 114 
Fe2O3,115 Fe3O4,116, 117 TiO2,118-121 SnO2,122-124 ZnO,125, 126 Al2O3,127 Co3O4,128 
Co(OH)2,129 and MnO2.130 For example, Park et al.125 illustrated that ZnO nanorod-GN 
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hybrid architectures composed of regular arrays of ZnO nanorods could be readily 
obtained through a ZnO seed mediated growth process, and transferred to transparent 
and flexible substrates. Yu’s group116 demonstrated a simple in situ method to efficiently 
decorate GNs with magnetite nanoparticles through high-temperature decomposition of 
an Fe(acac)3 precursor in polyol, which could be utilized as an enhanced magnetic 
resonance contrast agent. Kamat et al.119 succeeded in carrying out UV induced 
photocatalytic reduction of graphene oxide as well as obtaining well separated GN-TiO2 
composite sheets. Mullen et al.114 reported a bottom up approach to the large scale 
production of two-dimensional sandwich-like high-quality graphene/mesoporous silica 
hybrid structures, where each GN is fully separated by a mesoporous silica shell as 
shown in Figure 1.12 (a) and (b). In addition, Dong’s group121 developed a novel and 
facile process of water-phase synthesis for high-quality graphene/TiO2 composite hybrid 
structures using TiCl3 as both a reducing agent and a precursor as illustrated in Figure 









Figure 1.12. Graphene-based mesoporous silica nanosheets after pyrolysis at 800 oC. (a) 
SEM and (b) TEM images reveal stable morphology and mesoporous structure of 
graphene-silica sheets after pyrolysis at high temperature.114 (c) TEM and (d) HRTEM 
images of grphene-TiO2 composite nanosheets.121 
 
1.5.2 Graphene-Based Lithium Ion Battery Applications 
 Developing efficient and clean energy technologies is, at present, a significant 
task and is crucial to the long-term energy and environmental security of the world. The 
novel physical and chemical properties of nanostructured materials promise a number of 
advanced applications in the development of new energy and chemical conversion 
technologies.131 In this sense, graphene nanosheets play an important role on maximizing 
the activity of supported nanomaterials with different size, shapes, and chemical 
compositions due to high surface area, excellent conductivity, good stability, high 
electron mobility, excellent optical transparency, and good mechanical performance as 
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discussed in previous section. These characteristics are very important for the purpose of 
enhancing the activity, stability, and durability for energy applications.  
 
1.5.2.1 Graphene/Iron Oxide Composites as Anode Materials for Lithium Ion Batteries 
 Lithium ion batteries (LIBs) have been widely used as power sources for portable 
electronic devices and attracted a variety of attention due to their high energy density and 
power density.132 Anode and cathode materials play important roles in the performance of 
LIBs. Based on these conceptual approaches, extensive studies have been performed with 
diverse materials ranging from Si-based anodes with high gravimetric capacity133-136 to 
various transition metal oxides offering high volumetric and moderately high gravimetric 
capacities,137-147 which is beyond that of commercial graphite anodes (340-365 mAh/g, 
500-650 mAh/cm3). The performance of transition metal oxide anodes has commonly 
been limited due to the high volume changes during continuous charge-discharge process, 
resulting in breaking down of electrical connection of anode materials from current 
collectors.  
 As discussed in previous sections, graphene is a two-dimensional aromatic 
monolayer of carbon atoms with sp2 hybridization. Graphene shows an extraordinary and 
stable in-plane electrical conductivity, excellent thermal conductivity and mechanical 
property, flexible porous structure, and high specific surface area.76 Due to these 
outstanding properties, it has been proposed that graphene could be utilized as energy 
storage and conversion devices like an anode material for LIBs. As an electrode material, 
graphene has shown a large reversible specific capacity.148-151 However, it also has 
characteristics such as large irreversible capacity losses, low initial columbic efficiency, 
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and rapid capacity fading. For the purpose of overcoming these limitations and improving 
electrode capacity and cycling stability, many groups have been recently studying hybrid 
structures as anode materials for LIBs such as graphene decorated with such as TiO2, 152 
SnO2,122 Co3O4,114 Fe3O4,153-155 and Mn3O4156. These hybrid materials have demonstrated 
large reversible capacity, long cycle life, and good rate performance resulting from new 
electrochemical behaviors within a confined two-dimensional nanostructure interspaces. 
Even though some studies on hematite (α-Fe2O3) were conducted for improving anode 
materials,157 researches on another existing abundant form of the iron oxide in nature, 
maghemite (γ-Fe2O3), have never been reported.  
 Therefore, Chapter 5 will address a facile synthesis of reduced graphene oxide/γ-
Fe2O3 hybrid structures by applying developed synthesis method, modified sol-gel 
process (in situ process) with an iron salt as a precursor, followed by calcination. The 
transformation of graphene oxide into graphene is accomplished by thermal activation 
and no reducing agent is used. The maghemite nanoparticles are homogeneously tethered 
on the reduced graphene oxide (rGO) sheets, which allow them to maintain electrical 
connenctivity during large volume changes and assist in avoiding agglomeration during 
continuous charge-discharge process. Moreover, the tethered maghemite nanoparticles 
greatly assist in keeping adjacent graphene sheets separated and avoiding re-stacking of 
graphene sheets into graphite. Furthermore, it is reported that poly(acrylic acid) (PAA) 
can be utilized as an efficient binder for Si anode.136 Thus, for this study, PAA is used an 
effective binder in rGO/γ-Fe2O3 composites as well. PAA is soluble in water as well as 
in a variety of ecologically friendly organic solvents such as ethanol. PAA can interact 
with copper surface via hydrogen bonding (with Cu oxide) and/or Cu salt formation; 
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namely, PAA has good adhesion strength between the electrode and the current collector 
foil for the integrity of the anode. In addition, as-prepared PAA films showed negligible 
swellability in the carbonate vapors (DEC vapor), resulting in a low level interaction of 
PAA/electrolyte and retention of mechanical properties, contrary to those of PVDF.  The 
rGO/γ-Fe2O3/PAA composite anode shows excellent cycling performance and rate 
capability even at high current rate of 10 C. Therefore, functionalizing graphene sheets 
with iron oxide nanoparticles and using an effective binder, PAA, may promise as a 
future electrode system for superior performance, such as high energy density and power 
















1.6 Objectives of Thesis 
 The objectives of the study are as follows: 
• To study on the hybrid nanostructures of carbon nanotubes tethered with 
iron oxide magnetic nanoparticles, γ-Fe2O3, by applying a novel synthesis 
method, modified sol-gel technique (in situ process). 
• To study on the alignment of as-prepared magnetic carbon nanotubes (m-
CNTs) in various polymer matrices even under a low magnetic field 
strength (≤ 0.3 T). 
• To study on the anisotropic physical properties of polymer/m-CNTs 
composites induced by the aligned features of m-CNTs in polymer 
matrices. 
• To study on the development of graphene/iron oxide hybrid nanostructures, 
and the electrochemical performance of as-prepared composites as anode 
materials for Li-ion batteries (LIBs). 
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CHAPTER 2 
MAGNEMTIC CARBON NANOTUBES TETHERED WITH 




 This Chapter describes and reports a convenient approach for the decoration of 
MWNTs with near-monodisperse maghemite nanoparticles by employing a simple, 
modified sol-gel process (in situ process) with an iron salt as precursor, followed by 
calcination, and focus on the detailed characterization of the product, i.e. the resulting 
nanocomposite materials, in order to create a sound basis for potential future applications. 
Sites where nanoparticles attach and their controlled particle size on the surface of the 
MWNTs are determined not only by different calcination temperatures, but also by the 
mass ratio of iron salt to MWNTs. The resulting nanomaterials are superparamagnetic at 
room temperature, and hence, are conducive to facile alignment under relatively low 
magnetic field. This general approach could greatly facilitate the formation of highly 
anisotropic materials that would benefit from the enhancement of properties mediated by 




This experiment was performed with MWNT (>99%) produced by chemical 
vapor deposition followed by HCl mineralization. The diameter of the MWNTs is 
estimated at 12 nm and the length around 10 μm. For the formation of a surface 
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carboxylate group along the MWNTs, concentrated sulfuric acid (98%) and concentrated 
nitric acid (70%) were purchased from Fisher Scientific. And for the preparation of 
magnetic carbon nanotubes, ferric nitrate nonahydrate, Fe(NO3)3·9H2O was purchased 
from Acros Organics. Propylene oxide (>99%), C3H6O (1,2 epoxide), and absolute 
ethanol (anhydrous, 200-proof) were purchased from Aldrich and used as received. 
Sodium dodecylbenzene sulfonate (NaDDBS, from TCI) was used in the same 
concentrations and methods as described in the work of Matarredona et al.158 
 
2.2.2 Carboxylation 
 The MWNTs were first dispersed in a solution of concentrated sulfuric acid and 
concentrated nitric acid (a 3:1 volume ratio). The samples were sonicated in a typical 
ultrasound bath for 3 h. This acid mixture containing MWNTs was diluted to 25% of its 
original concentration. Then, the oxidized MWNTs were filtered with a PTFE filter 
membrane (Alltech, 0.45  μm pore size) with the aid of vacuum pump. The MWNTs were 
washed several times vigorously during filtration in order to reach neutral pH. Then 
MWNTs were dried in the vacuum oven at 50 oC overnight. 
 
2.2.3 Synthesis of Maghemite-MWNT Nanostructure 
 This work was done by a modified sol-gel process. For the synthesis with 
Fe(NO3)3·9H2O, 0.65 g Fe(NO3)3·9H2O was added to 20 ml of absolute ethanol (100% 
purity) and stirred until Fe(NO3)3·9H2O was dissolved completely. This solution was 
added by oxidized MWNTs, stirred, and sonicated for 3 h. 20 ml of 1.2 mM NaDDBS 
was added to the solution, stirred; and then 1.2 ml of propylene oxide was added as a 
gelation agent and stirred. The mixture was then placed in a Fisher Scientific iso-
temperature oven for drying for 72 h at 100 oC. The resulting powder products were 
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washed with water and ethanol several times and dried at 50 oC. The calcinations of these 




The dried samples were ground into a fine powder using a ceramic mortar and 
pestle. Tiny amounts of samples were rarified with KBr powder, ground, and pressed in a 
KBr pellet with a punch and die. A Nicolet Nexus 870 spectrometer scanned the range 
from 4000 to 400 cm-1 with a resolution of 2 cm-1 and data spacing of 0.964 cm-1. XPS 
scans of powder samples were taken using a Surface Science Laboratories SSX-100 
ESCA spectrometer using monochromatic Al Kα radiation (1486.6 eV). XRD 
measurement was performed with a X’pert Pro Alpha-1 (wavelength of 1.54 Å). XRD 
peaks were collected from 2θ = 0o to 90o with a step size of 0.02o. Raman spectra were 
recorded in the range of 200-2000 cm-1 at ambient temperature using a WITEC Spectra 
Pro 2300I spectrometer equipped with an Ar-ion laser, which provided a laser beam of 
514 nm wavelength. TEM samples were prepared by placing a droplet of solution onto a 
TEM grid, and these samples were analyzed using the Hitachi HF2000, 200 kV 
transmission electron microscope. The alignment of sample was conducted by magnet 
(GMW-5403) at 0.3 T, and aligned features of samples were characterized using SEM 
(LEO 1530). The samples for SEM were prepared by dispersing as-prepared 
nanostructures in water solution with surfactant, sonicating for 30 min, and then 
depositing the samples onto silicon wafer under an external field. The magnetic 
properties of MWNTs were measured using a 5.5 T Quantum Design Superconducting 
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Quantum Interference Device (SQUID) magnetometer at the National High Magnetic 
Field Laboratory (NHMFL) at the Florida State University. 
 
2.3 Results and Discussion 
The most significant and novel result of this report is the synthesis of magnetic 
carbon nanotubes decorated with both well-defined and well-dispersed maghemite 
nanoparticles and their resulting alignment. The key step for imparting magnetic 
properties to the carbon nanotubes consists of a carefully designed synthesis method that 
involves a modified sol-gel process. Other methods to obtain such iron oxide 
nanoparticles reported to date require high-pressure and hazardous environments such as 
the generation of hydrogen gas, which can be difficult and costly to produce in bulk.159, 
160 However, the modified sol-gel process presented here constitutes a simple and 
economical process for the formation of iron oxide nanoparticles tethered to carbon 
nanotubes. 
 As a first step, the MWNTs were carboxylated in order to introduce negative 
charges on their surface, which in turn will interact with Fe (III) ions present in a strong 
acid solution. This process was also coupled with sonication to ensure dispersion of the 
MWNTs in the suspension. The x-ray photoelectron spectroscopy (XPS) wide-survey 
(Figure 2.1(a)) and high resolution spectra (Figure 2.1 (b)) reveal not only the presence of 
carbon-carbon bonding of MWNTs at 285 eV binding energy but also the formation of a 






Figure 2.1. (a) The XPS survey spectrum of oxidized and activated MWNT (b) The high 
resolution XPS spectrum of C1s, which shows oxidized carbon in the form of a 
carboxylate group at a binding energy of 288 eV. (c) The XPS survey spectrum of 
MWNT/γ-Fe2O3. (d) The high resolution XPS spectrum of Fe 2p bands. 
 
 The formation of Fe2O3 is dependent upon the presence of propylene oxide, which 
functions as an oxide promoter. The general mechanism of Fe2O3 formation by the 
addition of an epoxide to a hydrated iron nitrate solution assumes that propylene oxide 
behaves as a weak base (Figure 2.2) that is known to form iron oxide due to the rapid 
reaction of the base with the metal ion.161 Effectively, the propylene oxide acts as a 
"proton scavenger," since it extracts protons from the water molecules coordinated to the 
iron salt, resulting in a protonated epoxide. Subsequently, the protonated epoxide 
undergoes ring-opening by reacting with a nucleophile, such as a nitrate ion or water. As 
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a result of this ring-opening reaction, deprotonation of the hydrated metal complex occurs, 
and a diol is formed in conjunction with a net decrease of proton concentration in the 
solution. After further hydrolysis and condensation of the initial hydrated metal complex, 
increased heating results in the formation of Fe2O3.162-164  
 
 
Figure 2.2. The general mechanism of γ-Fe2O3 formation by the addition of propylene 
oxide to a hydrated iron nitrate solution.162 
 
 The gelation occurs as a result of a drying process when metal oxide particles are 
in the growth stage. If there is no surfactant, metal oxide particles would eventually grow 
and coalesce, which could form gels. In our system, the occurrence of gelation was 
inhibited by the addition of a surface active molecule, NaDDBS, which interferes in the 
growth stage of the iron oxide nanoparticles (gel phase) and prevents the formation of a 
gel. This occurs because the NaDDBS molecules would have already coordinated to the 
iron (III) centers (Figure 2.3) due to the attraction between the negatively-charged 
hydrophilic head of the surfactant and the positively-charged iron.165, 166 Hence, while it 
is appropriate to refer to this method a modified sol-gel process, it is important to note 
that the surfactant inhibits the formation of a gel if introduced into the reaction system at 
the appropriate stage,20 i.e. before gelation can occur.  In addition to inhibiting gel 
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formation, the NaDDBS molecules also stabilize the nanoparticles (Figure 2.3). Because 
the NaDDBS molecules were added before the addition of the propylene oxide and in the 
presence of excess water, they have formed a self-assembled protective layer around the 
iron. This coordination has been able to prevent the approach of the propylene oxide 
molecules within the coordination sphere of the iron centers, which would have resulted 
in the formation of a gel. Therefore, due to the presence of the NaDDBS molecules, no 




Figure 2.3. Hydration sphere around iron (III) centers coordinated with the NaDDBS 
surfactant molecules. The presence of NaDDBS molecules may be responsible for the 
inhibition of the formation of the gel. 
 
 The FTIR spectrum of the product of this modified sol-gel process shows the 
presence of well-crystallized iron oxide nanoparticles after calcination at 600 °C (Figure 
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2.4). Maghemite (γ-Fe2O3) has an inverse spinel structure and therefore, it can be seen as 
an iron-deficient form of magnetite. If the powder is not heat-treated, a weak and broad 
peak from 800 to 400 cm-1 is observed (Figure 2.4 (b)). This is the evidence of an 
amorphous iron oxide phase with minimal long-range order typical of maghemite or 
magnetite. However, after calcination, IR bands show strong peaks at 576 and 460 cm-1, 
which correspond to a partial vacancy ordering in the octahedral positions in the 










 X-ray diffraction patterns of MWNT containing iron oxide nanoparticles 
calcinated at different temperatures with the initial Fe(NO3)3·9H2O:MWNTs mass ratio 
of  4:1 and 2:1 demonstrate the high crystalline nature of the nanoparticles (Figure 2.5). 
The diffraction peak at 2θ = 26° can be confidently indexed as the (002) reflection of the 
MWNTs, similar to that of pure MWNTs. The other peaks in the range of 20° < 2θ < 80° 
correspond to the (220), (311), (400), (422), (511), (440), and (533) reflections of 
maghemite (γ-Fe2O3) and/or magnetite (Fe3O4). When the mass ratio of Fe(NO3)3·9H2O 
and MWNTs increases from 2:1 to 4:1, the intensity of the carbon (002) reflection 
decreases. Also, when calcination temperature increases from 500 oC to 600 oC, the 
crystal structure of the product becomes better-defined. Because XRD patterns of 
maghemite and magnetite are practically identical,42 x-ray diffraction alone cannot be 
used to distinguish between the two phases. Therefore, additional experimental 
techniques were employed to discern between these two phases. 
 
 
Figure 2.5. The XRD patterns of MWNT/γ-Fe2O3 nanostructures fabricated with two 
different mass ratios of Fe(NO3)3·9H2O and MWNTs: (a) 4:1 at 600 oC; (b) 4:1 at 500 oC; 
(c) 2:1 at 600 oC; (d) 2:1 at 500 oC; (e) MWNT. 
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 X-ray photoelectron spectroscopy (XPS) as well as Raman spectroscopy 
confirmed that the iron oxide nanoparticles formed were indeed maghemite and not 
magnetite. After the formation of oxidized MWNTs decorated with iron oxide 
nanoparticles followed by calcination at 600 oC, XPS shows characteristic iron peaks in 
addition to carbon and oxygen (Figure 2.1(c) and (d)). The position of the Fe (2p3/2) and 
Fe (2p1/2) peaks were marked at 711.3 and 724.4 eV, respectively, which are in good 
agreement with the values reported for γ-Fe2O3 in the literature.170, 171 Therefore, this 
suggests the formation of γ-Fe2O3 in our samples.  
 Raman spectroscopy can also effectively distinguish between maghemite and 
magnetite nanoparticles. The strong peak at ~1350 cm-1 can be assigned to the D band of 
MWNTs, while another dominant peak at ~1576 cm-1 can be ascribed the G band of 
MWNTs (Figure 2.6(a)).172 In contrast to magnetite, the maghemite bands are not well-
defined, but rather consist of several broad peaks around 350, 500, and 700 cm-1 (Figure 
2.6(b)),169 which are unique to these species and are absent in other types of iron oxide 
nanoparticles. This supports the conclusion that the nanoparticles bound at the walls of 
the MWNTs are maghemite and not magnetite. When following the same experimental 
method in the absence of carbon nanotubes, the iron oxide nanoparticles that were formed 
at 600 oC consisted of α-Fe2O3, as determined by XRD (Appendix A). Clearly, the 
presence of the carbon nanotubes affected the structure of the maghemite species 
obtained, supporting the notion that the nucleation and growth of these particles were 
intimately driven by their attachment to the surface of the MWNT. 
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Figure 2.6. (a) The Raman spectrum of MWNT/γ-Fe2O3 nanostructure prepared at 600 oC 
with the mass ratio of 4:1 and (b) The detailed Raman spectrum of the same sample in the 
200-800 cm-1 spectral range. 
 
 Transmission electron microscopy (TEM) images of MWNTs/γ-Fe2O3 confirmed 
that γ-Fe2O3 was attached to the walls of the MWNTs. At a mass ratio of 4:1 between the 
Fe(NO3)3·9H2O precursor and the MWNTs, the particle size increased with increasing 
temperature from 500 oC to 600 oC, and the average sizes were 10.1 nm and 10.8 nm, 
respectively (Figure 2.7(b) and (c)). Similarly, when the mass ratio of Fe(NO3)3·9H2O 
precursor and MWNT was 2:1, the average particle sizes as a result of the increased 
temperature were 7.9 nm and 8.4 nm, respectively (Figure 2.7(e) and (f)), which also 
slightly increased with increasing temperature. This result indicated that both a higher 
mass ratio between the Fe(NO3)3·9H2O precursor and the MWNT and increasing 
temperature led to larger nanoparticles, and therefore, a conclusion is that particle size 
could be controlled by the precursor to MWNT mass ratio and temperature. The selected 
area electron diffraction (SAED) pattern of the sample shows clear diffraction spots 
(Figure 2.7(a)), which indicate the high crystallinity of maghemite. Chemical analysis 
using EDS during the TEM analysis showed the presence of Fe, O, and C in the 
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maghemite-MWNT system (Figure 2.8) and the calculated atomic ratio of Fe and O was 




Figure 2.7. TEM images of maghemite-MWNT prepared with 4:1 mass ratio of 
Fe(NO3)3·9H2O and MWNT. (a) Low magnification image calcinated at 600 °C (Inset: 
the electron diffraction pattern of the iron oxide nanoparticles), (b) High resolution 
(HRTEM) image calcinated at 500 oC, and (c) High magnification image calcinated at 
600 oC. TEM images of maghemite-MWNT prepared with 2:1 mass ratio of 
Fe(NO3)3·9H2O and MWNT. (d) Low magnification image calcinated at 600 oC, (e) High 




Figure 2.8. EDS of the maghemite-MWNT composite material. 
 
 The separation of the nanoparticles on the surface of the MWNT was achieved by 
electrostatic interactions between the various reactive species in the system. When 
MWNTs (having negative surface charges as a result of their prior treatment with acid) 
were added to a Fe(NO3)3·9H2O solution and sufficiently sonicated, electrostatic 
interactions developed between the surface and the Fe centers due to the positive charges 
of Fe (III) (Figure 2.9). Since the surface sites having negative charges are 
homogeneously distributed and separated from each other on the surface of the MWNT, 
the Fe (III) ions also nucleate accordingly to form well-separated nanoparticles. 
 
 
Figure 2.9. Schematic representation of the overall strategy for the preparation of 
MWNTs/γ-Fe2O3 magnetic carbon nanotubes via a modified sol-gel process. 
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 To facilitate the alignment of pure or surface modified CNTs with amine or 
carboxylic group, it is necessary to generate strong magnetic or electric field.9,40,41 
However, in this system, when a droplet of the reacted dispersion was dried under 
relatively low magnetic field (≤ 0.3 T), the magnetic carbon nanotubes with mass ratio of 
4:1 between the Fe(NO3)3·9H2O precursor and  the MWNTs were oriented in the plane of 
a silicon substrate at 300 K (Figure 2.10 (b) and (c)), fact which was made possible due 
to overcoming thermal motion and rotation. However, surface activated but un-decorated 
MWNTs did not show aligned features (Figure 2.10 (a)). Therefore, this supports a 
conclusion that the decoration of the surface of the MWNTs with nanoparticles with good 
magnetic response, such as γ-Fe2O3, can facilitates the alignment of the magnetized 
carbon nanotubes (i.e., having acquired magnetic properties) even under relatively low 
magnetic field.  
 
     
 
Figure 2.10. SEM images of the composite material in the presence of a magnetic field of 
0.3 T. (a) Surface activated but un-decorated MWNTs. (b) Aligned maghemite-MWNT 
(4:1 mass ratio) calcinated at 600 oC. (c) A single maghemite-MWNT aligned. 
 
 Such nanoparticles (i.e. having an aspect ratio >>1) coming in close to proximity 
to each other but having parallel magnetization direction at their wall surfaces repel each 
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other and are offset.173 However, these magnetic carbon nanotubes have the north and 
south poles of their dipolar magnet at their top and bottom tips, fact which leads to the 
alignment (Figure 2.10 (c)).  
 The magnetic properties of the as-prepared MWNTs/γ-Fe2O3 nanocomposites 
were measured using Superconducting Quantum Interference Device (SQUID) 
magnetometer. The magnetization hysteresis loops (Figure 2.11) were measured in fields 
between ±50 kOe at room temperature. The saturation magnetization (Ms) of the samples 
obtained is below 2 emu g-1, which is considerably smaller than that of bulk iron (Ms = 
222 emu g-1) as shown in Table 2.1. Coercivity is below 10 Oe, which is larger than that 
of bulk iron (Hc = 1 Oe). The conclusion drawn from the measurement of magnetic 
properties is that both samples, having different ratios between Fe(NO3)3·9H2O precursor 
and MWNT, exhibit superparamagnetic behavior at room temperature. This should be 
mainly attributed to the small size of γ-Fe2O3 nanoparticles that were formed in the 
presence of MWNTs.174 This result is in good accordance with the TEM observation of 
the small sizes of the maghemite nanoparticles mentioned above.  
 The magnetic attraction of our sample was also tested by placing a magnet near a 
vial containing the maghemite-MWNT nanostructures suspended in ethanol (Figure 2.11 
(c)). The samples can be easily dispersed in solution and form a stable suspension. When 
a magnet approaches the vial, magnetic carbon nanotubes are attracted toward the magnet. 
This phenomenon illustrates that the maghemite nanoparticles that are anchored on the 
surface of the MWNTs impart to the composite material a magnetic response similar to 






Figure 2.11. (a) Magnetization versus applied magnetic field for the magnetic carbon 
nanotubes prepared at different mass ratios and temperatures: 4:1 mass ratio of 
Fe(NO3)3·9H2O and MWNT at a) 500 oC, b) 600 oC, and 2:1 mass ratio of 
Fe(NO3)3·9H2O and MWNT at c) 500 oC, d) 600 oC. (b) The enlarged hysteresis loop of 
the maghemite-MWNT structures formed from a 4:1 mass ratio of Fe(NO3)3·9H2O and 
MWNT that was calcinated at 600 oC. (c) The photograph of magnetic carbon nanotubes 
suspended in ethanol in the absence (left image) and in the presence (right image) of an 
externally-placed magnet. The inset magnifies the attraction of the magnetic carbon 
nanotubes to the magnet.  
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Table 2.1. The magnetic properties as a function of both different mass ratio of 
Fe(NO3)3·9H2O and MWNT and different calcinations temperature. 
 
Magnetic properties Calcination temperature (oC) 2:1a 4:1a 
500 0.3 2.0 
Ms (emu g-1)b 
600 0.2 1.4 
500 4.8 2.8 
Hc (Oe)c 
600 6.3 9.6 
a mass ratio of Fe(NO3)3·9H2O and MWNT. b saturation magnetization. c coercivity. 
 
 According to the expectations, this novel method for the magnetization of carbon 
nanotubes through the tethering of magnetic iron oxide nanoparticles with controlled size 
and site distribution opens up a slew of new opportunities for applications in which the 
alignment of CNTs is not only desired, but is actually required. While many groups have 
studied strategies to align MWNT/Fe3O4 nanostructures under external magnetic fields 
due to their strong magnetic properties, very little attention has been devoted to 
MWNT/γ-Fe2O3 conjugate nanomaterials. This latter system also exhibits similar 
interesting properties and can constitute a facile gateway to MWNT alignment processes 
under tight morphological control and relatively low magnetic fields. Furthermore, it is 
noted that in the not-so-distant future this maghemite-CNT hybrid material may be used 
for biomedical applications such as drug delivery or special medical applications such as 






 This study addressed the synthesis of MWNT/γ-Fe2O3 nanostructures via an easy 
and novel modified sol-gel process. It showed that NaDDBS molecules are intimately 
involved in inhibiting the formation of an iron oxide gel. As a result, well-defined and 
well-dispersed maghemite nanoparticles could be obtained. In addition, the particle size 
of these nanoparticles could be precisely modulated by changing the temperature, and the 
mass ratio of the Fe(NO3)3·9H2O precursor and MWNTs. Finally, tethered γ-Fe2O3 
magnetic nanoparticles on the surface of MWNTs imparted superparamagnetic properties 
to the composite material. This facilitated the alignment of the decorated MWNTs under 
externally-applied magnetic field, resulting in the formation of an anisotropic material 















ANISOTROPIC CONDUCTIVITY OF MAGNETIC CARBON 
NANOTUBES EMBEDDED IN EPOXY MATRICES 
 
3.1 Introduction 
 This Chapter discusses on the anisotropic electrical conductivity of the polymer 
nanocomposite systems with the as-prepared magnetic carbon nanotubes by applying an 
external magnetic field. In brief, the tethering of γ-Fe2O3 nanoparticles on the surface of 
MWNT was achieved by a modified sol-gel reaction, where sodium dodecylbenzene 
sulfonate (NaDDBS) was used in order to inhibit the formation of a 3D iron oxide gel. 
These hybrid-materials, specifically, magnetized multi-walled carbon nanotubes (m-
MWNTs) were readily aligned parallel to the direction of a magnetic field even when 
using a relatively weak magnetic field. The conductivity of the epoxy composites formed 
in this manner increased with increasing m-MWNT mass fraction in the polymer matrix. 
Furthermore, the conductivities parallel to the direction of magnetic field were higher 
than those in the perpendicular direction, indicating that the alignment of the m-MWNT 
contributed to the enhancement of the anisotropic electrical properties of the composites 








 MWNTs (>99%) produced by chemical vapor deposition followed by HCl 
mineralization, with 12 nm in diameter and 10 μm in length, were purchased from 
Aldrich. To activate the surface along the MWNTs, concentrated sulfuric acid (98%) and 
nitric acid (70%) were purchased from Fisher Scientific. For the preparation of magnetic 
carbon nanotubes (m-CNTs), ferric nitrate nonahydrate, Fe(NO3)3·9H2O was purchased 
from Acros Organics. Propylene oxide (>99%), absolute ethanol (anhydrous, 200-proof), 
and sodium dodecylbenzene sulfonate (NaDDBS) were purchased from Aldrich and TCI. 
In order to make composites with m-CNT, Aeropoxy laminating materials (PR2032 
Resin) was used with an appropriate curing agent (PH3660). 
 
3.2.2 Synthesis of Maghemite-MWNT Hybrid Materials 
 Pure-MWNTs were first dispersed in a solution mixture of concentrated sulfuric 
acid and nitric acid with the volume ratio of 3:1.  The suspension was ultra-sonicated for 
3 hrs at room temperature. After that, the concentration of the suspension was diluted up 
to 50% and filtered with a PTFE membrane (0.45 μm pore size) with the aid of a vacuum 
pump. Carboxylated MWNT (MWNT-COOH) was washed with de-ionized water several 
times to reach neutral pH and dried under vacuum at 50 oC overnight. The synthesis of 
maghemite-MWNT was performed by first adding 0.65 g Fe(NO3)3·9H2O to 20 ml of 
absolute ethanol (100% purity) and stirring until the Fe(NO3)3·9H2O was dissolved 
completely. Subsequently, this iron salt solution was added to a suspension of oxidized 
MWNTs with a mass ratio of 4:1 (Fe(NO3)3·9H2O : MWNTs mass ratio of  4:1), stirred, 
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and sonicated for 3 hrs. Twenty ml of 1.2 mM of NaDDBS were added to the solution 
and stirred for 30 min. Then, 1.2 ml of propylene oxide was added as a gelation agent and 
stirred for 30 min. The mixture was then placed in a Fisher Scientific iso-temperature 
oven for drying for 3 days at 100 oC. The resulting powder products were washed with 
water and ethanol several times and dried at 50 oC. The calcination of these powders was 
performed in a furnace under argon atmosphere at 500 oC for 2 hrs. The overall synthesis 
strategy is shown in Figure 3.1. 
 
 
Figure 3.1. Schematic illustration of the overall strategy for the synthesis of maghemite-
MWNT hybrid materials via a modified sol-gel process. 
 
3.2.3 Characterization 
 The dried samples were ground into a fine powder using a ceramic mortar and 
pestle. XRD measurements were performed using an X’pert Pro Alpha-1 (wavelength of 
1.54 Å). XRD peaks were collected from 2θ = 0o to 90o with a step size of 0.02o. XPS 
scans of powder samples were taken using a Surface Science Laboratories SSX-100 
ESCA spectrometer using monochromatic Al Kα radiation (1486.6 eV). The alignment 
of the sample was conducted by a magnet (GMW-5403) at 0.3 T, and the experimental 
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apparatus used in this study is depicted schematically in Figure 3.2 (a). The morphology 
and aligned feature of as-prepared samples were also characterized using SEM (LEO 
1530). TEM samples were prepared by placing a droplet of solution onto a TEM grid, 
and for the observation of aligned features, samples were micro-tomed into 100 nm thick 
slices using a diamond knife and placed on a TEM grid. These samples were analyzed 
using a Hitachi HF2000, 200 kV transmission electron microscopy. The electrical 
conductivity data of as-prepared composites were collected using impedance analyzer 
(Solartron Instruments SI 1260 with dielectric interface 1296) for the frequency range 0.1 
Hz ~ 1 MHz. All the data were collected under an AC voltage of 0.1 V. The setup for 
electrical measurements of the composites is shown in Figure 3.2 (b). Contact was 
achieved by silver painting the two ends of the samples, and then using coaxial probers 
on a probe station attached to the impedance analyzer. 
 
 
Figure 3.2. The schematic illustration of the alignment of m-MWNT in an epoxy matrix 
and the measurement of the resulting electrical properties. (a) The application of a 
magnetic field to the m-MWNT/epoxy nanocomposite solution, and (b) The 
measurement of electrical conductivity of the resulting nanocomposite material. 
 
3.3 Results and Discussion 
3.3.1 Formation of Nearly-Monodisperse and Homogeneously-Distributed Iron 
Oxide Nanoparticles 
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 The novel key step to impart magnetic properties to the carbon nanotubes is 
composed of a carefully-designed synthesis method, which involves a modified sol-gel 
process. The formation of γ-Fe2O3 is dependent on the presence of propylene oxide, 
which acts as an oxide-formation promoter. The general mechanism of γ-Fe2O3 formation 
by the introduction of an epoxide to a hydrated iron nitrate solution has been well 
established.164  
 In this system, the homogeneous distribution of the iron oxide nanoparticles on 
the surface of the MWNT was achieved due to the electrostatic interactions between 
negatively charged surface of the MWNT and the positively charged Fe(III) as shown in 
Figure 3.1. Given that the negatively-charged surface sites of MWNTs are 
homogeneously distributed, the Fe(III) ions could nucleate accordingly to form well-
separated  nanoparticles.  
 The occurrence of gelation upon the addition of propylene oxide to the solution 
was inhibited by the addition of surface active molecules, NaDDBS. These molecules 
coordinate to the Fe(III) centers by electrostatic attractions forming a self-assembled 
protective layer, resulting in the inhibition of gel formation.  Therefore, it is appropriate 
to refer to this method a modified sol-gel process. Finally, due to the presence of the 
NaDDBS molecules, no aggregates of γ-Fe2O3 were formed but rather the nanoparticles 
remained individually isolated and homogeneously distributed. 
 
3.3.2 Characterization of Magnetic Carbon Nanotubes 
 Figure 3.3 shows the XRD patterns of the synthesized γ-Fe2O3/MWNT, 
demonstrating the high crystalline nature of the nanoparticles. The diffraction peak at 
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25.98o could be attributed to the graphite structure (002) of MWNTs. The positions and 
relative intensities of non-MWNT related new peaks, after surface modification, in the 
range of 20° < 2θ < 80° correspond to the (220), (311), (400), (422), (511), (440), and 
(533) reflections of maghemite (γ-Fe2O3). 
 
 
Figure 3.3. The XRD patterns of maghemite/MWNT hybrid structures formed from an 
initial Fe(NO3)3·9H2O : MWNTs mass ratio of  4:1, and calcinated at 500 oC. 
 
 X-ray photoelectron spectroscopy (XPS) also confirmed that the iron oxide 
nanoparticles were formed on the surface of MWNT. After the formation of surface 
treated MWNTs decorated with iron oxide nanoparticles followed by calcination at 500 
oC, XPS shows characteristic iron peaks in addition to carbon and oxygen, as shown 
Figure 3.4 (a). The high-resolution spectrum (Figure 3.4 (b)) indicates that the position of 
the Fe (2p3/2) and Fe (2p1/2) peaks at 711.3 and 724.4 eV, respectively, are in good 
agreement with the values reported for γ-Fe2O3 in the literature,171 validating the 




Figure 3.4. (a) The XPS survey spectrum of maghemite/MWNT hybrid structures, and 
(b) The high resolution XPS spectrum of Fe(2p) bands of the maghemite/MWNT hybrid 
structures. 
 
3.3.3 Characterization of the Morphology of γ-Fe2O3/MWNT 
 Scanning electron microscopy (SEM) images of m-MWNT confirmed that γ-
Fe2O3 nanoparticles were attached to the walls of the MWNT as shown in Figure 3.5 (a), 
and that the size of the attached iron oxide nanoparticles was about 17 nm (Figure 3.5 (c)). 
The high-resolution transmission electron microscopy (HRTEM) image of a nanoparticle 
(Figure 3.5 (b)) illustrates the maghemite interlayer spacing of the (311) lattice plane of 
approximately 0.25 nm.170 Furthermore, the inset image of Figure 3.5 (b) shows the 
electron diffraction patterns of maghemite, indicating the high crystallinity of the 
maghemite nanoparticles. The homogeneous distribution of the nanoparticles on the 
surface of the MWNT was achieved by the electrostatic interactions between the 
negatively-charged MWNT and the positively-charged Fe(III) centers (see Figure 3.1), as 
well as by the introduction of NaDDBS in order to inhibit the formation of 3D iron oxide 
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networks. The magnetic nature of the as-prepared m-MWNT could also be easily 
ascertained by placing an external magnet next to the vial containing the m-MWNT, as 
shown in Figure 3.5 (d).  
 
 
Figure 3.5. (a) SEM image of maghemite/MWNT hybrid structures; (b) High resolution 
TEM image of maghemite. Inset shows diffractions of a single maghemite nanoparticle; 
(c) Size distribution of the as-prepared iron oxide nanoparticles in the maghemite/MWNT 
hybrid structures; (d) The photograph of m-MWNT suspension in the presence (left 
image) and in the absence (right image) of a magnet. 
 
3.3.4 Alignment of m-MWNTs in Polymer Matrix 
 The SEM images of m-MWNT hybrid materials are shown in Figure 3.6 (a) and 
3.6 (b). When a droplet of dispersed hybrid materials in a water solution was dried under 
the magnetic field, the surface-modified MWNT were aligned easily (Figure 3.6 (a)). 
However, when the nanocomposite solution was dried without applying magnetic field, 
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the surface-modified MWNT did not exhibit alignment features (Figure 3.6 (b)). The 
TEM images of composites in which surface-modified MWNT (m-MWNT) and 
unmodified MWNT were embedded in epoxy matrices are shown in Figure 3.6 (c) 
through 3.6 (f). First, the alignment features of the MWNT/epoxy nanocomposite and the 
m-MWNT/epoxy nanocomposite systems were compared under the same experimental 
conditions, i.e. the same strength of the externally-applied magnetic field (0.3 T). Figures 
3.6 (c) and 3.6 (d), representing MWNT/epoxy composites with 0.5 wt% MWNT and 1.0 
wt% MWNT, respectively, did not reveal any alignment features of filler phase in the 
polymer matrix under the externally-applied magnetic field. However, in the case of the 
m-MWNT/epoxy nanocomposite systems also having 0.5 wt% m-MWNT and 1.0 wt% 
m-MWNT and shown in Figures 3.6 (e) and 3.6 (f), respectively, it is obvious that the m-
MWNTs embedded in the epoxy matrix have indeed aligned parallel to the direction of 
magnetic field (0.3 T). Comparing the alignment features of aligned m-MWNT hybrid 
materials and aligned m-MWNT/epoxy composites (Figure 3.6 (a), 3.6 (e), and 3.6 (f)), it 
becomes evident that the m-MWNT hybrid materials in the absence of a polymer matrix 
show better alignment, fact which could be attributed to the viscosity of the polymer 
matrix during processing. Therefore, this supports a conclusion that the m-MWNT 
hybrids can be aligned under a relatively weak magnetic field even when embedded in a 







Figure 3.6. (a) SEM image of aligned m-MWNT hybrid materials parallel to the direction 
of magnetic field; (b) SEM image of m-MWNT hybrid materials that were not subjected 
to a magnetic field; (c) TEM image of MWNT/epoxy composites with 0.5 wt% filler 
loading; (d) TEM image of MWNT/epoxy composites with 1.0 wt% filler loading; (e) 
TEM images of m-MWNT/epoxy composites with 0.5 wt% filler loading. Inset shows the 
end-to-top connectivity between two m-MWNTs under an external magnetic field; (f) 
TEM image of m-MWNT/epoxy composites with 1.0 wt% filler loading. 
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 This alignment is expected to directly affect the anisotropic conductivity of the 
resulting epoxy composites, as will be shown in the subsequent section (Figure 3.7 and 
3.8). The bundling of the m-MWNTs in the polymer matrix, as observed in the inset in 
Figure 3.6 (e), may be attributed to the anisotropic nature of the dipolar interactions of 
the iron oxide nanoparticles near the ends of the carbon nanotubes, i.e. the near-linear 
stacking of the north and south poles of the m-MWNT in the polymer matrix, resulting in 
their observed end-to-top connectivity.39, 177 
 
3.3.5 Anisotropic Conductivity of Polymer Composites 
 The electric conductivities of the m-MWNT/epoxy composites were measured at 
a series of different frequencies, from 0.1 Hz to 1 MHz. Figure 3.7 shows various 
conductivities of a series of m-MWNT/epoxy nanocomposite samples containing various 
degrees of loading (weight percent) of m-MWNT in the polymer matrix. At the same 
magnetic field (0.3 T), the conductivity increased with increasing m-MWNT mass 
fraction in the composite. In the case of 0.1 wt% filler content, the nanocomposite 
exhibited dielectric behavior because the low fraction of m-MWNT made it difficult to 
form interconnected m-MWNT networks that would have facilitated electron flow. 
However, for m-MWNT contents of 0.5 w% and higher, the samples exhibited increased 







Figure 3.7. The conductivity of m-MWNT/epoxy composites as a function of frequency 
for different mass fractions of m-MWNT as measured in the direction parallel to the 
magnetic field and perpendicular to the magnetic field (inset shows magnified region of a 
nanocomposite with a 3.0 wt% filler loading). 
 
 Percolation theory predicts a critical concentration or percolation threshold where 
the material converts from a capacitor to a conductor.18, 178 In order to determine the 
percolation threshold of this aligned system, the volume conductivity data could be fitted 
to a power law in terms of volume fraction of m-MWNT. 
                                                                ( )tcc vv −∝σ  
 Where cσ  is the composite conductivity, v  is the m-MWNT volume fraction in 
the composite, cv  is the critical volume fraction, and t is the critical exponent. It is 
assumed that the density of m-MWNT is the same as that of unmodified-MWNT (2.1 
g/cm3), since both mass and volume of m-MWNT increase similarly. Figure 3.8 inset 
shows the plot of cσ as a function of cv v− for the parallel measurements. The linear fit to 
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the data generated a straight line with cv = 0.2 vol% (corresponding to 0.4 wt%), which 
gives a good fit. 
 
 
Figure 3.8. The conductivity of m-MWNT/epoxy composites as a function of different 
mass fractions of m-MWNT measured in the direction parallel to the magnetic field and 
perpendicular to it. Inset: Percolation equation fit to the experimental conductivity data of 
obtained parallel to the direction of the magnetic field. 
 
 When comparing the results of samples in which conductivity was measured in 
the direction of the m-MWNT alignment (parallel  to the magnetic field) and 
perpendicular to the m-MWNT alignment (perpendicular direction to the magnetic field) 
for the same mass fraction of m-MWNT, it is observed that the conductivity measured 
parallel to the magnetic field was higher than that measured perpendicular to the 
magnetic field, indicating a cooperative effect due to the alignment of the magnetic 
carbon nanotubes in the polymer matrix, as was previously shown in Figure 3.6 (e) and 
3.6 (f). Figure 3.8 shows the variation of the conductivities measured at a frequency of 
0.1 Hz as a function of m-MWNT mass fractions in the epoxy nanocomposite for both 
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the parallel and perpendicular directions with respect to the magnetic field.  The 
measured conductivities are summarized in Table 3.1.  
 
Table 3.1. The conductivities of m-MWNT/epoxy composites in the directions that were 
parallel and perpendicular to the externally-applied magnetic field as a function of m-
MWNT mass loading. 
 
Conductivity (S/m) m-MWNT 
loading (wt%) Parallel (//) Perpendicular ( ⊥ ) 
Conductivity ratio 
of // and ⊥  
3.0 1.0 x 10-6 8.5 x 10-7 1.2 
1.0 4.1 x 10-7 1.0 x 10-7 4.1 
0.5 1.6 x 10-8 5.3 x 10-9 3.0 
0.1 6.0 x 10-11 1.0 
 
 It is noted that for 3.0 wt% m-MWNT sample, even though the conductivity in the 
parallel direction was somewhat larger than that in the perpendicular direction (see Figure 
3.7 inset and Figure 3.8), the values obtained nevertheless, quite similar. This is most 
likely due to the following factors: (a) It is assumed that the viscosity of the composite 
solution containing 3.0 wt% m-MWNT is higher than for other compositions as 
evidenced by the superior alignment of m-MWNT without polymer matrix to that of m-
MWNT/epoxy composites, as discussed in a previous section. By introducing higher 
mass loadings of the carbon nanotubes into the polymer solution, the viscosity of the 
system could be further increased, fact which could then handicap with the alignment 
process. Therefore, this supports a conclusion that when the magnetic field was applied to 
the 3.0 wt% m-MWNT sample, the alignment of the decorated carbon nanotubes was not 
as effective as in the less concentrated samples, and hence, the differences between the 
conductivities in the parallel and the perpendicular directions were not as pronounced, 
mainly due to the higher viscosity of the solution. (b) In addition, the conductivity of 3.0 
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wt% m-MWNT sample (measured in either direction) was not much higher than the 
conductivity of the 1.0 wt% m-MWNT sample (see Figure 3.8). Tethered iron oxide 
(maghemite) nanoparticle has high resistivity.179 Hence, the higher viscosity of the 3.0 
wt% m-MWNT sample may lead to the formation of iron oxide rich regions, resulting in 
a decrease of the conductivity. 
 
3.4 Conclusions 
 This study addressed the development of a novel method to form magnetic carbon 
nanotubes using a simple modified sol-gel technique as well as the achievement of m-
MWNT/epoxy composites having magnetic field induced anisotropic electrical 
conductivities. The modified sol-gel technique for the tethering of maghemite 
nanoparticles to the surface of acid-activated MWNTs generated nearly-monodispersed 
and homogeneously spaced γ-Fe2O3 nanoparticles, which in turn, imparted magnetic 
properties to the γ-Fe2O3/MWNT hybrid materials. Due to the acquired magnetic 
property of the m-MWNTs, they could be aligned either alone or embedded in a polymer 
matrix by the application of only a relatively weak magnetic field. Conductivity 
measurements performed on m-MWNT/epoxy composites showed that the conductivity 
of the m-MWNT/epoxy composites increased with increasing m-MWNT contents with 
low percolation threshold (~0.4–0.5 wt% m-MWNT loading). Moreover, the conductivity 
measured in the direction parallel to the magnetic field was higher than that measured in 
the direction perpendicular to it. However, the alignment of a nanocomposite sample 
having a loading of 3.0 wt% m-MWNT was not as effective as samples with lower 
nanofiller content because of the higher solution viscosity in the more concentrated 
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samples. This hurdle could, in principle, be overcome by applying a stronger magnetic 
field. In summary, this facile magnetic functionalization method could be effectively 
applied for the development of conductive films, composites with conductive polymers, 






















CRYSTALLIZATION KINETICS AND ANISOTROPIC 
PROPERTIES OF POLYETHYLENE OXIDE/MAGNETIC CARBON 
NANOTUBES COMPOSITE FILMS 
 
4.1 Introduction 
 This Chapter discusses on the characteristics of the nanocomposite films with 
semi-crystalline polymer and magnetic carbon nanotubes. Semicrystalline polymer 
matrices filled with CNTs have been extensively studied, particularly given the fact that 
CNTs have the potential to nucleate the polymer crystallization.16, 62-64 One example of 
semicrystalline polymers is the biodegradable and biocompatible polyethylene oxide 
(PEO), a polymer that has drawn extensive attention because of its potential use in drug 
delivery, tissue engineering, packing materials, etc.65-67  
 Thus, this Chpater will address a method of fabricating electrically conductive 
and flexible PEO composite films with magnetic carbon nanotubes (m-CNTs) that were 
placed under a weak magnetic field. Two distinct phenomena are explored:  
 1. Crystallization kinetics of the polymer in the PEO-m-CNTs composite films. 
The tethered magnetic nanoparticles may act as nucleating agents, resulting in the 
increase in the crystallization rate of PEO.  
 2. Application of a weak magnetic field to the composite solution during the 
consolidation phase of the composite may induce the alignment of the m-CNTs in the 
direction of the magnetic field. This in turn may affect the the anisotropic electrical and 
mechanical properties of the composite. 
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4.2 Experimental 
4.2.1 Preparation of Maghemite-MWNT Nanohybrid Materials 
 The nanohybrid nanoparticles (γ-Fe2O3/MWNT) were synthesized as described 
previously.180, 181 In brief, the synthesis of γ-Fe2O3/MWNT was performed by first adding 
0.65 g Fe(NO3)3·9H2O to 20 ml of absolute ethanol (100% purity) and stirring until the 
Fe(NO3)3·9H2O was dissolved completely. Subsequently, this iron salt solution was 
added to a suspension of oxidized MWNTs with a mass ratio of 4:1 (Fe(NO3)3·9H2O : 
MWNTs mass ratio of 4:1), stirred, and sonicated for 3 hrs. Twenty ml of 1.2 mM of 
NaDDBS (sodium dodecyl benzene sulfonate) were added to the solution and stirred for 
30 min. Then, 1.2 ml of propylene oxide was added as a gelation agent and stirred for 30 
min. The mixture was then placed in a Fisher Scientific iso-temperature oven for drying 
for 3 days at 100 oC. The resulting powder products were washed with ethanol several 
times and dried at 50 oC. The calcination of these powders was performed in a furnace 
under argon atmosphere at 500 oC for 2 hrs. 
 
4.2.2 Fabrication of Polyethylene Oxide (PEO)/Magnetic Carbon Nanotubes (m-
CNTs) Composite Films 
 1.5 g of PEO with a molecular weight of 300,000 g/mol purchased from Aldrich 
was completely dissolved in 40 ml of deinoized water at 50 oC. Various weight percents 
of m-CNTs were dispersed in 10 ml of ethanol, sonicated for 1 hr, and mixed with PEO 
solution in a three-neck flask. The mixture was stirred with mechanical stirrer at 50 oC for 
12 hrs. After that, these polymer solutions were degassed under vacuum, transferred to 
glass molds, and dried overnight at 50 oC in an oven.   
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 For the preparation of samples with aligned m-CNTs in the PEO matrix, a low 
magnetic field (below 0.3 T) was applied to a polymer solution for 1 hr at 50 oC and dried 
post-alignment overnight at 50 oC in an oven. The overall scheme is shown in Figure 4.1. 
 
 
Figure 4.1. Schematic representation of overall strategy for producing PEO-m-CNTs 
composite films. 
 
4.2.3 Characterization of PEO-m-CNTs Composite Films 
 Wide Angle X-ray scattering (WAXS) experiments were performed with a 
Rigaku Micro Max 002 X-ray generator (x-ray wavelength, λ = 0.15418 nm) using 
Rigaku R-axis IV++ detection system. The morphology of as-prepared samples was 
characterized using SEM (LEO 1530). TEM samples were prepared by placing a droplet 
of solution onto a TEM grid. These samples were analyzed using a Hitachi HF2000, 200 
kV transmission electron microscope.  
 The electrical conductivity data of as-prepared composite films were collected 
using an impedance analyzer (Solartron Instruments SI 1260 with dielectric interface 
1296) for the frequency range 0.1 Hz ~ 1 MHz. All the data were collected under an AC 
 67
voltage of 0.1 V. Contact was achieved by silver painting the two ends of the samples, 
and then using coaxial probers on a probe station attached to the impedance analyzer. 
 The mechanical properties of the nanocomposite specimens were evaluated at 
room temperature according to the ASTM 638 test method using tensile tester (MTS 
Insight 2, TestWorks®4 software) with a dog-bone-type dumb-bell specimen. The 
measurement conditions that were used are as follows: date acquisition rate = 30 Hz; 
cross-head speed = 10 mm/min; load cell = 100 N. 
 Crystallization analysis was conducted using a TA Instruments Q100 differential 
scanning calorimetry (DSC), under both non-isothermal and isothermal conditions. For 
non-isothermal experiments, heating/cooling rate was 10 oC/min, where samples were 
melted at 100 oC for 5 min. To examine PEO isothermal crystallization rate, samples 
were heated to 100 oC, held at that temperature for 5 min, followed by fast cooling (100 
oC/min) to isothermal crystallization temperatures (Tc), holding at each temperature for a 
required time to finish the crystallization process. 
 
4.3 Results and Discussion 
4.3.1 Morphology of Magnetic Carbon Nanotubes and Their Aligned Features in 
PEO 
 Scanning electron microscopy (SEM) image of m-CNTs confirmed that γ-Fe2O3 
nanoparticles were attached to the walls of the CNTs as shown in Figure 4.2. The inset 
image of Figure 4.2 shows the electron diffraction patterns of maghemite, indicating the 
high crystallinity of the maghemite nanoparticles.  
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Figure 4.2. The SEM image of as-prepared magnetic carbon nanotubes; inset shows the 
diffraction pattern of tethered magnetic nanoparticles on the surface of CNTs. 
 
 The homogeneous distribution of the nanoparticles on the surface of the MWNT 
was achieved by the electrostatic interactions between the negatively-charged MWNT 
and the positively-charged Fe(III) centers as well as by the introduction of NaDDBS in 
order to inhibit the formation of 3D iron oxide networks.180 
 Figure 4.3 shows optical microscopy images of composite films with different 
weight fraction of m-CNTs in the PEO matrix. The composite films that were subjected 
to an externally-applied magnetic field (below 0.3 T) during their preparation show linear 
dark streaks, which illustrate the long range order of m-CNTs in the PEO matrix. This is 
due to the anisotropic nature of the dipolar interactions of the iron oxide nanoparticles 







Figure 4.3. Optical microscope images of PEO-m-CNTs at (a) 0.5 wt% applied to 
magnetic field (MF) and (b) without MF; (c) 1.0 wt% applied to MF and (d) without MF; 
(e) 3.0 wt% applied to MF and (f) without MF; (g) 5.0 wt% applied to MF and (h) 





4.3.2 Crystallinity and X-ray Diffraction Analysis of the PEO-m-CNTs Composite 
Films 
 The melting temperature (Tm) and crystallinity (Xc) of pure-PEO and PEO-m-
CNTs composite films were measured using DSC. Chatterjee et al. and Jin et al. have 
prepared surfactant assisted dispersions of SWNTs and chemically modified MWNTs in 
PEO, respectively, and found reductions in Tm with increase in CNTs content.69, 70 
Conversely, Goh et al. reported that the thermal properties do not experience any 
significant variation with respect to the homopolymer for SWNT concentrations up to 
7%.68 During the second heating run in this study, Tm decreased with increasing mass 
fraction of m-CNTs. However, the extent of decrease of Tm is very small, illustrating the 
preservation of the thermal properties of composites as shown in Table 4.1. 










 where iHΔ  is the enthalpy of fusion of the prepared samples, directly obtained 
from the DSC measurements, if  is the mass fraction of polymer in composites, and 
m
iHΔ  
is the enthalpy of fusion of 100% crystalline polymer, which is 205 J/g for PEO. Figure 
4.4 shows the crystallinity of as-prepared composite films as a function of m-CNTs 
content. The crystallinity decreases with increasing weight fraction of m-CNTs. In 
nanocomposite system with non-covalent interactions, strong attractions between 
nanofillers and polymer chains could inhibit polymer crystallinity by constraining 
polymer motion at the interface between the two moieties.182-184 When examined the first 
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heating run as shown in Figure 4.4 and Table 4.1, it is observed that the crystallinities of 
both unaligned and aligned samples at the same m-CNTs content show similar values. To 
analyze this, wide angle X-ray diffraction (WAXD) measurement was conducted for 
pure-PEO and PEO-m-CNTs composite films.  
 
m-CNTs content (%)



























901st heating - NA
2nd heating - NA
1st heating - A
 
Figure 4.4. The crystallinities as a function of magnetic carbon nanotubes content. (NA: 
unaligned sample; A: aligned sample) 
 
Tabel 4.1. Melting temperatures and crystallinities of pure PEO and PEO-m-CNTs 
composite films. 
Samples Tm-1st (℃) Xc-1stc(%) Tm-2nd (℃) Xc-2nd (%) 
PEO 67.2 ± 0.6 87.9 ± 2.1 64.8 ± 0.5 77.1 ± 1.9 
0.5 wt%-NAa 66.4 ± 0.1 87.4 ± 1.3 64.0 ± 0.3 73.5 ± 0.7 
0.5 wt%-Ab 66.9 ± 0.2 87.5 ± 0.5 64.2 ± 0.2 73.5 ± 0.8 
1.0 wt%-NA 65.5 ± 0.4 83.0 ± 1.5 63.0 ± 0.1 70.2 ± 1.1 
1.0 wt%-A 65.2 ± 0.1 82.4 ± 0.3 62.8 ± 0.1 69.3 ± 0.3 
3.0 wt%-NA 66.2 ± 0.2 82.6 ± 0.3 63.3 ± 0.2 69.6 ± 0.2 
3.0 wt%-A 65.9 ± 0.3 82.2 ± 0.9 63.4 ± 0.3 68.4 ± 1.6 
5.0 wt%-NA 66.0 ± 0.3 81.5 ± 1.3 63.2 ± 0.1 69.0 ± 0.6 
5.0 wt%-A 66.0 ± 0.1 81.6 ± 0.8 63.2 ± 0.1 69.1 ± 0.3 
a isotropic (i.e. unaligned) samples; b anisotropic (i.e. aligned) samples; c crystallinity 
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 The monoclinic unit cell of PEO crystals is defined by the parameters a = 0.805 
nm, b = 1.304 nm, c = 1.948 nm, and the angle β = 125.4°.185-188 The WAXS pattern of 
the PEO has a scattering angle at 2θ = 19.2° corresponding to the reflections from the 
(120) plane and at 2θ = 23.3° containing the overlapping reflections from the (032), 
)321( , (112), )122( , )241( , )042( , and (004) planes, all which have similar d-spacing of  
≈  0.39 nm.187 
 Figure 4.5 shows X-ray diffraction patterns for pure-PEO and 5.0 wt% of PEO-m-
CNTs composite film where the m-CNTs phase had alignment features. WAXD 
measurements with both parallel and perpendicular directions were performed in order to 
characterize and analyze the induced orientation of the polymer chains due to the 
alignment of m-CNTs as shown in Figure 4.5 (a). In the case of pure-PEO film, the 2D 
WAXD patterns of both parallel and perpendicular directions was isotropic, illustrating 
isotropic orientation of the PEO unit cell. To compare this to aligned and unaligned 
composite films, XRD measurements for all the samples were also conducted, i.e., 0.5, 
1.0, 3.0 and 5.0 wt% with and without alignment of the m-CNTs in the polymer matrix. 
For example, in the case of 5.0 wt% composite film having an aligned phase of m-CNTs, 
the 2D patterns for both the parallel and perpendicular directions were similar, indicating 
that there were no specific preferential orientations of the polymer chains. Other samples 
(data not shown here) also showed similar isotropic patterns. This result could be 
explained as follows: (1) PEO has a helical conformation in the unit-cell,189-191 which 
causes a distorted helix structure around the nanotubes. Thus, in the case of SWNTs, it 
has been known that PEO could wrap and coat most of the surface of the SWNTs.189, 191 
Conversely, in the case of MWNTs, given that their diameter is much larger than that of 
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the SWNTs, the PEO chains could adsorb onto the surface of the MWNTs in an 
amorphous phase without being subjected to geometric constraints ( MWCNT PEOD Rg≥ ), 
as shown in Figure 4.5 (d); (2) The carbon nanotubes were tethered with iron oxide 
nanoparticles. Given the previous experience with polymer – metal oxide interactions,53 
is reasonable to assume that the nanoparticles interact with the polymer chains, resulting 
in both the decrease of crystallinity as a function of m-CNTs content, and the increase of 
the mechanical properties due to the reinforcing effect of such interactions (as will be 
discussed in the section 4.3.5). Thus, this interaction does not contribute to a preferential 
arrangement of the polymer chains, neither on the surface of the nanotubes, nor in the 
"bulk" moiety. As a result, even though m-CNTs have unidirectional alignment in the 
polymer matrix, the PEO chains randomly adsorb on the surface of the MWNTs without 
any directionality. Therefore, this is in good agreement with the DSC results, in which 
the crystallinity of both aligned and unaligned samples at the same weight fraction of m-




Figure 4.5. (a) Schematic representation of the sample preparation for Wide angle X-ray 
diffraction (WAXD) measurement. (b) Integrated X-ray diffraction intensity as a function 
of 2θ of pure-PEO film. Inset: 2D WAXD pattern of pure-PEO film measured to the 
plane direction. (c) Integrated X-ray diffraction intensity vs. 2θ of PEO-m-CNTs 
composite film of 5.0 wt% aligned sample. Inset: 2D WAXD patterns measured to both 
the plane and cross directions. (d) Schematic illustration of the interaction between PEO 
and m-CNTs. 
 
4.3.3 Crystallization Behavior of the PEO-m-CNTs Composite Films 
 In order to obtain isothermal crystallization, differential scanning calorimetry 
(DSC) was used , where the temperature was increased above melting point, held at that 
temperature, and fast cooled to the target crystallization temperature until the 
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crystallization kinetics are terminated. Figure 4.6 (a) and (b) show the heat flow as a 
function of the time. By integrating the heat flow as a function of time using following 
formula, the plots of the relative crystallinity of the nanocomposite could be obtained as 













 Where dH/dt is the rate of heat flow, the numerator is the heat generated at time t 
and denominator is the total heat generated up to complete crystallization.  
 The plots of the relative crystallinity of the nanocomposite by the integration of 
the heat flow as a function of time are conducted for two sets of experimental conditions: 
At a crystallization temperature of 50 oC for three different samples having different m-
CNTs concentrations (Figure 4. 6(c)), and at three different crystallization temperatures 
for a sample containing 5 wt% m-CNTs (Figure 4.6 (d)). It is noted that when the mass 
loading of m-CNTs in PEO increases at a given crystallization temperature, the 
crystallization rate increases as well. In addition, for the same mass loading of m-CNTs, 
the crystallization rate increased with decreasing crystallization temperature, indicating 
that the crystallization temperature is an important influencing factor determining the 































































































Figure 4.6. Heat flow as a function of time (a) at crystallization temperature, 50 oC and 
(b) at different crystallization temperatures with 5.0 wt%; Relative crystallinity vs. time 
(c) at crystallization temperature, 50 oC and (d) at different crystallization temperatures 
with 5.0 wt%. 
 
 Crystallization kinetics was modeled with the Avrami equation for isothermal 
crystallization: 
)exp(1 nt ktX −−=  
 Where Xt is the relative crystallinity, n is the Avrami exponent, k is the kinetic 
rate constant, and t is the crystallization time.192 By plotting )]1ln(ln[ tX−−  vs lnt, the n 
and lnk values could be obtained from the slope and intercept, respectively.  
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 The crystallization half-time, t1/2, is defined as the time at which the extent of 













 Usually, the rate of crystallization, G, is described as the reciprocal of t1/2, that is 
2/12/1 /1 tG == τ . The necessary time for maximum crystallization, tmax, could be derived 
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 The Avrami parameters for the samples that were investigated at different 
isothermal crystallization temperature (Tc) are listed in Table 4.2.  
 
Table 4.2. Isothermal crystallization kinetic parameters analyzed by Avrami equation for 
PEO, 1.0 wt%, and 5.0 wt% samples.  
Sample Tc (℃) n k (min-n) t1/2 (min) tmax (min) 
48 2.39 ± 0.13 0.0151 ± 0.0013 5.67 ± 0.12 5.23 ± 0.29 
50 2.45 ± 0.11 0.0014 ± 0.0001 14.63 ± 1.63 13.74 ± 1.68PEO 
52 2.71 ± 0.11 9.68×10-6 ± 1.2 x 10-7 69.29 ± 1.98 66.78 ± 2.47
48 2.64 ± 0.21 0.0837 ± 0.0016 2.23 ± 0.02 2.14 ± 0.06 
50 2.66 ± 0.07 0.0056 ± 0.0008 6.15 ± 0.22 5.91 ± 0.25 1.0 wt% 
52 2.36 ± 0.32 0.0007 ± 0.00005 21.04 ± 0.10 19.30 ± 1.15
48 2.69 ± 0.14 0.4699 ± 0.058 1.16 ±0.08 1.12 ± 0.09 
50 2.31 ± 0.16 0.0209 ± 0.0006 4.60 ± 0.17 4.21 ± 0.18 5.0 wt% 
52 2.53 ± 0.02 0.0026 ± 0.0002 9.16 ± 0.45 8.67 ± 0.41 
 
 All the values for the Avrami exponent, n, are between 2.5 and 3, indicating a 
spherulitic growth.194, 195 Figure 4.7 (a) shows the rate of crystallization (G), which 
represents the overall crystallization rate including both nucleation and growth, as a 
function of the m-CNTs content for three isothermal crystallization temperatures of 48, 
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50, and 52 oC. In all cases, the crystallization rate increased with increasing mass loading 
of m-CNTs. Figure 4.7 (b) shows the dependence of the overall crystallization rate on the 
isothermal crystallization temperature of the composite films. In all cases, the overall 
crystallization rate decreased as Tc increased.  
 These results are quite different than those of Jin et al., who have found that the 
crystallization rate decreased with increasing extent of incorporation of functionalized 
MWNT.70 Conversely, Priftis et al. studied the extent of crystallization of PEO that 
occurred when ethylene oxide (EO) was covalently attached to the MWNT and 
subsequently polymerized to form the MWNT-g-PEO system. This system showed 
increased crystallization rate when compared with pure PEO, possibly due to the fact that 
the grafted monomeric units acted as nucleating agents during polymerization.72 
Similarly, in this system, the magnetic nanoparticles are tethered to the surface of the 
CNTs, and hence they could act as nucleation agents as well, fact which would result in 
faster crystallization rates. Another measure of the overall crystallization rate is the 
crystallization rate constant, k.  Figures 4.7 (c) and (d) also show that k increased with 
both the increase of the mass loading of m-CNTs and the decrease of the isothermal 
crystallization temperature, in a manner analogous to the results obtained for the behavior 
































































   Tc (
oC)



























Figure 4.7. The rate of crystallization time as a function of (a) m-CNTs content for 
different crystallization temperatures and (b) crystallization temperatures for different m-
CNTs content; Avrami overall crystallization rate constant, k, as a function of (c) m-
CNTs content for different crystallization temperatures and (d) crystallization 
temperatures for different m-CNTs content. 
 
 Finally, the crystallization process of the composite films is assumed to be 
thermally activated. The crystallization rate parameter, k, can be approximately described 
by the following Arrhenius equation: 
1/
0 exp( / )
n
ck k E RT= −Δ  
 where ko is the temperature independent pre-exponential factor, R is the gas 
constant, and EΔ is the crystallization activation energy.196, 197 By plotting )(ln/1 kn vs. 
cT/1 , a straight line can be generated as shown in Figure 4.8. The values of the 
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crystallization activation energies are -12.9 kJ/mol, -11.1 kJ/mol, and -10.8 kJ/mol in the 
case of pure PEO, PEO loaded with 1 wt% m-CNTs, and PEO loaded with 5 wt% CNTs, 
respectively. The activation energy decreased with the increase of the m-CNTs content, 
fact which is in good agreement with the dependence of the rate of crystallization on m-
CNTs content, i.e. the higher the m-CNTs content, the faster the crystallization rate, and 


















Figure 4.8. Plot of (1/n)lnk vs. 1/Tc from the Arrhenius method for isothermal 
crystallization activation energy of composite films. 
 
4.3.4 Anisotropic Conductivity of the PEO-m-CNTs Composite Films 
 The electric conductivities of the PEO-m-CNTs composite films were measured 
at a series of different frequencies, from 0.1 Hz to 1 MHz. Figure 4.9 (a) shows various 
conductivities of a series of PEO-m-CNTs composite films containing various mass 
loadings (weight percent) of m-CNTs in the polymer matrix.  
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0.5 wt% - perpendicular to MF
0.5 wt% - parallel to MF
1.0 wt% - perpendicular to MF
1.0 wt% - parallel to MF
3.0 wt% - perpendicular to MF
3.0 wt% - parallel to MF
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Figure 4.9. (a) The conductivity of PEO-m-CNTs composite films as a function of 
frequency for different m-CNTs content as measured in the direction parallel to the 
magnetic field and perpendicular to the magnetic field; (b) The conductivity of PEO-m-
CNTs composites as a function of different m-CNTs content measured in the direction 
parallel to the magnetic field and perpendicular to it. Inset shows the percolation equation 
fit to the experimental conductivity data obtained parallel to the direction of the magnetic 
field. 
 
 Conductivities increased with increasing mass loading of m-CNTs in PEO when 
applying a low magnetic field strength (< 0.3 T). The conductivities were measured along 
the general direction of orientation of the m-CNTs, which corresponds to the direction 
that is parallel to the original direction of the applied magnetic field (parallel), or 
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perpendicular to the direction of the m-CNTs orientation, which corresponds to the 
direction that is perpendicular to the applied magnetic field (perpendicular). The 
conductivity data are summarized in Table 4.3.  
 
Table 4.3. The conductivities of PEO-m-CNTs composite films in the directions that 
were parallel and perpendicular to the externally-applied magnetic field as a function of 
m-CNTs content. 
Conductivity (S/m) m-CNT loading 
(wt%) Parallel Perpendicular 
Conductivity ratio of 
parallel and perpendicular 
5.0 8.1 x 10-3 ± 1.1 x 10-3 1.1 x 10-3 ± 2.9 x 10-4 7.4 
3.0 4.0 x 10-4 ± 5.0 x 10-5 4.0 x 10-5 ± 1.5 x 10-6 10 
1.0 7.0 x 10-6 ± 3.1 x 10-7 1.1 x 10-6 ± 2.3 x 10-7 6.4 
0.5 1.6 x 10-6 ± 2.0 x 10-7 5.9 x 10-7 ± 1.2 x 10-8 2.7 
 
 It should be noted that the conductivity of a sample containing 5.0 wt% m-CNTs 
measured parallel to the magnetic field showed a fourfold increase compared to that of a 
sample containing 0.5 wt% m-CNTs, measured parallel to the magnetic field as well. 
Moreover, for the samples having the same mass loading of m-CNTs, the conductivity 
that was measured in the direction of the m-CNTs alignment (parallel to the magnetic 
field) was higher in comparison to the conductivity that was measured perpendicular to 
the m-CNTs alignment (perpendicular to the magnetic field). This was most likely due to 
the particular features of the aligned m-CNTs in the polymer matrix most notable the 
formation of an interconnected m-CNTs network, that effectively facilitates electron flow. 
 Percolation theory has been a very useful tool in understanding certain materials 
properties, particularly when applied to particulate fillers embedded in polymeric systems. 
In general, a polymer-based composite undergoes a transition from a behavior as an 
insulating material to a behavior as a conducting materials when the volume fraction of 
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its conducting filler phase reaches a critical threshold, cv . Indeed, for the ordered 
dispersion of CNTs in a polymer matrix, the electrical conductivity of the composite, cσ , 
having a filler volume fraction v , is governed by the percolation law. 
( )tc cv vσ ∝ −  
 Where cσ  is the composite conductivity, v  is the volume fraction of m-CNTs in 
the composite, cv  is the critical volume fraction, and t is the critical exponent. It is 
assumed that the density of m-CNTs is the same as that of unmodified CNTs (2.1 g/cm3), 
since the nanoparticles tethered onto the surface of CNTs contribute to both enhanced 
volume and increased mass while preserving the same ratio of the two. Figure 4.9 (b) 
shows the variation of the conductivities extracted from the plateau regions in the low 
frequency range shown in Figure 4.9 (a), in which the inset illustrates the plot of  cσ  as a 
function of v-vc for the measurements performed parallel to the magnetic field. The linear 
fit to the data generated a straight line with vc = 0.2 vol% (corresponding to 0.4 wt%). In 
the previous Chapter,181 the alignment of m-CNTs at high mass loading (i.e. 3.0 wt%) in 
epoxy matrices was not as effective as that of the less concentrated samples, mainly due 
to higher solution viscosity. Conversely, the alignment of m-CNTs in PEO could be 
achieved at even higher mass loading (i.e. 5.0 wt%) of m-CNTs, resulting in a more 
pronounced exhibition of anisotropic electrical properties, as shown in Figure 4.9 and 
Table 4.3 (see the results of the ratio of the conductivities measured parallel and 
perpendicular to the magnetic field). 
 
4.3.5 Mechanical Properties of the PEO-m-CNTs Composite Films 
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 The mechanical properties of the PEO-m-CNTs composite films were found to be 
dependent on the amount of loaded m-CNTs as well as the aligned features of the m-
CNTs phase in the PEO matrix. Figures 4.10 (a) and (b) show stress vs. strain curves and 
mechanical properties as a function of m-CNTs mass loading for isotropic (i.e. not 
aligned) samples. Both tensile modulus and tensile strength increased with increasing 
mass loading of m-CNTs in PEO. In the previous section regarding crystallinity of 
composite films, it was discussed the fact that the crystallinity decreased with increasing 
mass loading of m-CNTs due to the interactions between the m-CNTs and the polymer 
chains. In nanocomposites with non-covalent interactions, strong attractions could inhibit 
crystallinity through constraining polymer molecules at the interface.182-184 Therefore, it 
can be drawn a conclusion that the magnetic nanoparticles on the surface of CNTs could 
interact with the PEO chains, resulting in the decrease in the crystallinity of the system. 
Furthermore, the tensile modulus and tensile strength for the anisotropic (i.e. aligned) 
samples were compared and analyzed. Figures 4.10 (c) and (d) show the measurements of 
mechanical properties of all the samples, with the results of measurements summarized in 
Table 4.4. The tensile moduli measured in the samples in which the alignment of m-
CNTs is parallel to the applied stress were higher than those measured in isotropic 
samples. As shown in Figure 4.3, the alignment of the m-CNTs parallel to the direction of 
magnetic field is most likely facilitated by the intimate contacts between the magnetic 
nanoparticles near the ends of the CNTs, resulting in dipolar interactions when subjected 
to an external magnetic field, thus promoting the formation of aligned features coupled 
with long range order.181 Therefore, m-CNTs could generate a higher aspect ratio phase 
that would enhance the effective load transfer from the matrix to the m-CNTs.198, 199  
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PEO 0.5 wt% 1.0 wt% 3.0 wt% 5.0 wt%
(d)
 
Figure 4.10. (a) The stress vs. strain graph of isotropic (not-aligned) samples; (b) The 
tensile modulus and tensile strength as a function of m-CNTs content for isotropic 
samples; (c) The tensile modulus and (d) The tensile strength as a function of m-CNTs 
for isotropic and anisotropic samples. 
  
 When the stress is applied in the direction that is perpendicular to the direction of 
alignment of the m-CNTs, the tensile modulus increased with m-CNTs loading up to 1.0 
wt%, but decreased with higher loadings. This is mainly due to the aggregation of m-
CNTs, leading to loss of interfacial area between filler and matrix, resulting in a 
reduction in the efficiency of the load transfer mechanism. At high mass loadings (i.e. 5.0 
wt%) of m-CNTs, the tensile modulus of isotropic and anisotropic samples is similar, fact 
which demonstrates that at higher mass loadings, the aligned features were not as 
significant as they were in the less concentrated samples. The results concerning the 
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tensile strength properties of the composites exhibit similar behavior as those observed 
regarding the tensile moduli. 
 
Table 4.4. The tensile modulus and tensile strength of isotropic (i.e. not-aligned) and 
anisotropic (i.e. aligned) samples aligned in the directions that were parallel and 
perpendicular to the applied stress as a function of m-CNTs content. 
 
  PEO 0.5 wt% 1.0 wt% 3.0 wt% 5.0 wt% 
NAa 1.20 ± 0.2 1.36 ± 0.2 1.94 ± 0.1 2.13 ± 0.3 2.45 ± 0.2 
Vb - 1.91 ± 0.3 1.92 ± 0.1 1.69 ± 0.1 2.44 ± 0.1 Tensile Modulus (MPa) Ac - 1.94 ± 0.3 2.19 ± 0.1 2.25 ± 0.3 2.48 ± 0.2 
NA 10.3 ±0.5 10.7 ± 1.0 15.1 ± 1.2 16.0 ± 1.1 16.5 ± 1.1 
V - 14.6 ± 1.0 15.0 ± 1.6 13.3 ± 1.4 15.6 ± 2.0 Tensile Strength (MPa) A - 15.2 ± 1.2 16.5 ± 1.2 16.6 ± 1.1 17.1 ± 1.0 
a Isotropic (i.e. not-aligned) samples; b Samples aligned in the direction that was 
perpendicular to the applied stress; c Samples aligned in the direction that was parallel to 
the applied stress 
 
4.4 Conclusions 
 The modified sol-gel technique for developing magnetic carbon nanotubes was 
successfully utilized, where individual and homogeneously-distributed iron oxide 
magnetic nanoparticles (maghemite; γ-Fe2O3) were synthesized and tethered onto the 
surface of CNTs. When applying a low magnetic field (< 0.3 T), m-CNTs were aligned 
parallel to the magnetic field even at higher mass loading of m-CNTs in PEO. The 
crystallinities of both aligned and unaligned samples at the same m-CNTs content in the 
PEO matrix were similar, since the PEO chains were randomly absorbed on the surface 
of the nanotubes rather than following the preferential orientation of the m-CNTs.  The 
isothermal crystallization studies indicate that crystallization kinetics is accelerated by the 
nucleating action of the magnetic nanoparticles tethered to the surface of CNTs, i.e. the 
rate of crystallization increased with the increase in the m-CNTs content and with the 
decrease of the crystallization temperature. Furthermore, it was noted that the crystal 
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structure of PEO in all of the samples was spherulitic-shaped, fact which was confirmed 
by applying the Avrami equation to the isothermal crystallization process. The 
conductivity measurements performed on PEO-m-CNTs composite films having a low 
percolation threshold (~ 0.4 – 0.5 wt% m-CNTs loading) showed that the conductivity of 
the samples increased with increasing m-CNTs content. Moreover, the conductivity 
measured in the direction parallel to the magnetic field was higher than that measured in 
the direction perpendicular to it. The tensile modulus and tensile strength increased with 
increasing m-CNTs content due to the non-covalent strong interactions between m-CNTs 
and polymer chains, resulting in the reduction of crystallinity of the PEO in composites. 
Moreover, both tensile modulus and tensile strength in the samples in which the 
alignment of the m-CNTs was parallel to the applied stress were higher than those in the 
samples in which the alignment of the m-CNTs was perpendicular to the applied stress. 
In summary, anisotropic materials with enhanced physical properties could be achieved 












SYNTEHSIS AND ELECTROCHEMICAL PERFORMANCE OF 
REDUCED GRAPHENE OXIDE/MAGHEMITE COMPOSITE AS AN 
ANODE MATERIAL FOR LITHIUM ION BATTERIES 
 
5.1 Introduction 
 This chapter addresses the electrochemical performance of developed anode 
materials using graphene and iron oxide precursor for lithium ion batteries. Reduced 
graphene oxide (rGO) tethered with maghemite (γ-Fe2O3) was synthesized using a novel 
modified sol-gel process, where sodium dodecylbenzenesulfonate (NaDDBS) was 
introduced into the suspension in order to prevent the formation of an iron oxide 3D 
network, and nearly monodispersed and homogeneously distributed γ-Fe2O3 magnetic 
nanoparticles could be obtained on the surface of graphene sheets. Due to the thermal 
process, reducing agent for the reduction of the graphene oxide was not needed. Their 
morphology and structure were investigated using various characterization techniques. 
These as-prepared rGO/Fe2O3 composites were utilized as anodes for half lithium ion 
cells. The 40 wt%-rGO/Fe2O3 composite exhibited high reversible capacity of 670 mA h 
g-1 at current density of 500 mA g-1 and good stability for over 100 cycles, in contrast 
with that of the pure-Fe2O3 nanoparticles which demonstrated rapid degradation to 224 
mA h g-1 after 50 cycles. Furthermore, the composite showed good rate capability of 270 
mA h g-1 at 10 C (~10,000 mA g-1). These characteristics could be mainly attributed to 
both the use of an effective binder, poly(acrylic acid) (PAA), and the specific hybrid 
 89
structures that prevent agglomeration of nanoparticles as well as provide buffering spaces 
against volume changes of nanoparticles during continuous intercalation/deintercalation 
of Li ions. 
5.2 Experimental 
5.2.1 Preparation of the Reduced Graphene Oxide (rGO)-Fe2O3 Hybrid Structure 
 Graphtie oxide (GO) was synthesized from natural graphite flakes (325 mesh, 
99.8% metal basis) purchased from Alfa Aesar by applying a modified Hummers method. 
In brief, graphite powder (2g) and sodium nitrate (NaNO3, 1g) were mixed in 
concentrated sulfuric acid (H2SO4, 70 mL) under stirring and cooled by using an ice bath. 
Under vigorous stirring, potassium permanganate (KMnO4, 6g) was added gradually with 
keeping the temperature of the mixture below 20 °С. Successively, the mixture was 
intensely stirred at 35 ± 3 °С for 30 min, resulting in the formation of a thick paste. Next, 
150 mL of DI water was slowly added, and the solution was stirred for 15 min at 90 ± 
3 °С. After dilution with 240 mL of DI water, 5 mL of hydrogen peroxide (H2O2, 30%) 
was added to the mixture and stirred for 2 hrs, turning the color of the solution from the 
dark brown to brilliant yellow along with bubbling. After that, the mixture was filtered 
and washed with 250 mL of hydrochloric acid (HCl, 10%), followed by DI water until 
the pH of the supernatant was neutral. Finally, the resulting solid was dried in a vacuum. 
 Reduced graphene oxide (rGO)-Fe2O3 hybrid materials were synthesized by 
applying a novel synthesis technique, modified sol-gel process. The synthesis of rGO-
Fe2O3 was performed by first adding 0.65 g Fe(NO3)3·9H2O to 20 ml of DI water and 
stirring until the Fe(NO3)3·9H2O was dissolved completely. Subsequently, GO was added 
to the solution with a mass ratio of 4:1 (Fe(NO3)3·9H2O : GO mass ratio of  4:1), stirred, 
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and ultra-sonicated for 3 hrs. For the preparation of sample with 8:1 mass ratio, 1.3 g of 
Fe(NO3)3·9H2O was added. Twenty ml of 1.2 mM of NaDDBS (sodium dodecyl benzene 
sulfonate) were added to the solution and stirred for 30 min. Then, 1.2 ml of propylene 
oxide was added as a gelation agent and stirred for 30 min. The mixture was then placed 
in a Fisher Scientific iso-temperature oven for drying for 3 days at 100 °С. The resulting 
powder products were washed with DI water and ethanol several times and dried at 
50 °С. The calcination of these powders was performed in a furnace under argon 
atmosphere at 500 °С for 2 hrs. The schematic illustration is shown in Figure 5.1.  
 
 
Figure 5.1. Schematic representation of overall strategy for producing rGO-Fe2O3 hybrid 
structures. 
 
 For the preparation of pure Fe2O3 nanoparticles, the synthesis was the same as 
previously conducted process except GO. The nanoparticle size of pure Fe2O3 was 




Figure 5.2. Fe2O3 magnetic nanoparticles synthesized with same procedure just without 
graphene oxide. 
 
5.2.2 Materials Characterization 
 X-ray diffraction (XRD) measurements were performed with an X’pert Pro 
Alpha-1 (wavelength of 1.54 Å). XRD peaks were collected from 2θ = 8° to 70° with a 
step size of 0.02°. The morphology of as-prepared samples was characterized using SEM 
(LEO 1530). TEM samples were prepared by placing a droplet of solution onto a TEM 
grid. These samples were analyzed using a Hitachi HF2000, 200 kV transmission 
electron microscopy. XPS scans of powder samples were taken using a Surface Science 
Laboratories SSX-100 ESCA spectrometer using monochromatic Al Kα radiation 
(1486.6 eV). Thermal gravimetric analysis (TGA) using a Q50, TA Instrument, was used 
with a heating rate of 10 °С min-1 from room temperature to 800 °С under both nitrogen 
and air atmosphere. N2 physisorption (Micromeritics TriStar II 3020) at -196 °С allowed 
for the determination of the specific surface area of the as-prepared materials. Each 
sample was degassed in N2 gas at 100 °С and 300 °С for at least 30 min and 8 hrs, 
respectively, prior to the measurements. The Brunauer-Emmett-Teller method was used 
to calculate the surface area. 
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5.2.3 Electrochemical Measurements 
 Electrodes were prepared by mixing rGO-Fe2O3 nanocomposites, Pure black®, 
polyacrylic acid (Mw: 450 kDa) with the weight ratio of 85: 5: 10 in water to form a 
slurry. As-prepared slurry  was cast on a 18 μm Cu foil (Fukuda, Japan), dried in air at 
room temperature first, and then dried in vacuum at 70  °С overnight. The commercial 
electrolyte consists of 1 M LiPF6 salt in ethylene carbonate-diethyl carbonate-dimethyl 
carbonate mixture (EC:DEC:DMC = 1:1:1 vol%) (Novolyte Technologies, USA). 2.5 
wt% of vinylene carbonate (VC; Alfa Aesar, USA) was added into the electrolyte 
solution. Lithium metal foil (0.9 mm thick, Alfa Aeasr, USA) was used as a reference 
electrode. 2016 type coin cells were used for electrochemical characterizations and 
assembled in an argon-filled glove box (<1 ppm H2O, O2). The Cu current collector of 
the working electrode was spot-welded to the coin cell for enhancing electrical contact. A 
polyethylene-polypropylene-polyethylene (PP/PE/PP) membrane (Celgard 2325) was 
used as a separator. Galvanostatic charge-discharge cycling was performed on an Arbin 
SB2000 (Arbin Instrument, USA) in the range of 0.01-3.0 V. Cyclic voltammetry in the 
potential window of 0.01 to 3.0 V at a scan rate of 0.014 mV s-1 was performed on a 
Solartron 1480 (Solartron Analytical, USA) multichannel potentiostat. 
 
5.3 Results and Discussion 
5.3.1 Characterization of Reduced Graphene Oxide (rGO)-Fe2O3 Nanocomposites 
 Figure 5.3 shows the X-ray diffraction patterns of graphite, graphite oxide (GO), 
and rGO-Fe2O3 hybrid structures. Compared with the pristine graphite, the diffraction 
peak of GO appears at 10.9° (002) since the AB stacking order is still observed in 
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graphite oxide with the d-spacing of 0.813 nm.200 This shows larger value than the d-
spacing (0.335nm) of pristine graphite (2θ = 26.6°) due to the intercalated water 
molecules between layers.201-203 After being tethered with Fe2O3 through a calcination 
process, graphene oxide was reduced without using additional reduction agents as shown 























Figure 5.3. X-ray diffraction patterns of (a) Graphite, (b) GO, and (c) rGO-Fe2O3 
nanocomposites. 
 
 The scanning electron microscope (SEM) and high-resolution transmission 
electron spectroscope (HRTEM) images of GO and rGO-Fe2O3 nanocomposites are 
shown in Figure 5.4. Figure 5.4 (a) shows the TEM image of GO with a curled 
morphology. Figure 5.4 (b) and (c) show the synthesized rGO-Fe2O3 with the mass ratio 

































Figure 5.4. (a) TEM image of GO; inset shows the diffraction pattern. (b) SEM image 
and (c) TEM image of 40 wt%-rGO-Fe2O3 hybrid structure. (d) TEM image of 27.5 wt%-




 From the TGA result as shown in Figure 5.5, the weight fraction of rGO was 40 
wt%. In addition, Figure 5.4 (d) shows the TEM image of rGO-Fe2O3 nanocomposite 
with the mass ratio of 8:1 where the weight fraction of rGO from the TGA result was 
27.5%. The surfaces of the rGO sheets were homogeneously tethered with Fe2O3 
nanoparticles and the nanoparticle sizes of 40 wt% and 27.5 wt%-rGOs were 
approximately 15 nm and 28 nm, respectively.  
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Figure 5.5. TGA curves of rGO-Fe2O3 at a heating rate of 10 oC min-1 under an air flow 
of 20 ml min-1. 
 
 By increasing the concentration of iron salts, the size and density of nanoparticles 
on the graphene sheets increased as well. The insets in Figure 5.4 (a) and (c) show the 
diffraction patterns, illustrating well-defined crystal structures of graphene and tethered 
nanoparticles. These as-prepared hybrid composite materials exhibit uneven and rough 
surface characteristics with large amount of void spaces, which would affect the 
electrochemical performance when these are used as anode materials for lithium ion 
batteries. Figure 5.4 (e) and (f) show X-ray photoelectron spectroscopy (XPS) spectra of 
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GO and rGO-Fe2O3 composite materials. The C1s spectrum of GO shows two main peaks 
centered at 284.6 and 286.7 eV, which correspond to the binding energy of sp2 C-C bonds 
and C-O bonds in the epoxy/hydroxyl/carbonyl groups. In comparison to the C1s 
spectrum of GO, the spectrum of rGO-Fe2O3 shows a strong peak corresponding to sp2 C-
C bonds, demonstrating the reduction of functionalized groups containing oxygen during 
the thermal process.157, 204 
 The porous structure features and Brunauer-Emmett-Teller (BET) specific surface 
area of 40 wt%-rGO-Fe2O3 and 27.5 wt%-rGO-Fe2O3 composite materials were 
investigated by N2 adsorption/desorption isotherms as shown in Figure 5.6.  
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40 wt% rGO-Fe2O3 - Adsorption
40 wt% rGO-Fe2O3 - Desorption
27.5 wt% rGO-Fe2O3 - Adsorption
27.5 wt% rGO-Fe2O3 - Desorption
 
Figure 5.6. N2 adsorption/desorption isotherms of 40 wt%-rGO-Fe2O3 and 27.5 wt%-
rGO-Fe2O3 hybrid materials. 
 
 When comparing BET specific surface area for composite materials, the value of 
40 wt%-rGO-Fe2O3 is 81 m2 g-1, which is larger than that (64 m2 g-1) of 27.5 wt%-rGO-
Fe2O3 composite material. This is in good agreement with the TEM images. In the case of 
40 wt%-rGO-Fe2O3, the tethered nanoparticle size was smaller than that of 27.5 wt%-
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rGO-Fe2O3; thus, the latter exhibits the lower specific surface area. The relatively large 
specific surface area is beneficial for the electrolyte access, but, unfortunately, increase 
irreversible capacity losses at the first cycle due to the electrolyte decomposition and 
solid electrolyte interphase (SEI) formation.  The total pore volumes of 40 wt%-rGO-
Fe2O3 and 27.5 wt%-rGO-Fe2O3 composite materials are 0.21 cm3 g-1 and 0.18 cm3 g-1, 
respectively. The nanopores in composite materials could tolerate the volume changes of 
Fe2O3 nanoparticles during intercalation/deintercalation process of lithium ions and may 
affect the large reversible capacity, good rate performance, and cycling stability.155, 205, 206 
 
5.3.2 Electrochemical Performance of rGO-Fe2O3 Nanocomposites and Pure-Fe2O3 
Nanoparticles 
 The electrochemical properties of the rGO-Fe2O3 nanocomposites and the pure-
Fe2O3 nanoparticles were compared and investigated. Intercalation/deintercalation 
cycling of Li ions was carried out in the voltage range of 0.01 – 3.0 V. The 
intercalation/deintercalation curves for as-prepared 40 wt%-rGO-Fe2O3 nanocomposite 
and pure-Fe2O3 are shown in Figure 5.7 (a) and (b). The first two 
intercalation/deintercalation cycles were tested at a current density of 45 mA g-1, and next 
up to 100th cycle after first two cycles was conducted at a current density of 500 mA g-1. 
In the first cycle, the intercalation/deintercalation capacities of as-prepared pure-Fe2O3 
were 1032 mA h g-1 and 755 mA h g-1, respectively. However, it fades quickly as shown 
in Figure 5.7 (b) due to the severe aggragation and high volume changes of Fe2O3 
nanoparticles during Li+ insertion/extraction process.207, 208 Such aggregations combined 
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with large volume changes may destroy the SEI layer, which, in turn, consumes Li ions 
and leads to poor cyclic performances.  
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Figure 5.7. Intercalation/deintercalation curves of (a) 40 wt%-rGO-Fe2O3 and (b) pure-
Fe2O3 nanoparticles at current density of 45 mA g-1 (0.05 C) and 500 mA g-1 (0.5 C). (c) 
Cyclic voltammogram of 40 wt%-rGO-Fe2O3 composite at a scan rate of 0.014 mV s-1. 
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 On the contrary, the first intercalation voltage profile of the rGO-Fe2O3 
nanocomposite is very similar to that of rGO-Fe3O4 nanocomposites reported.156, 209, 210 
The maghemite, γ-Fe2O3, is the allotropic form of magnetite, Fe3O4. These two iron 
oxides are crystallographically isomorphous. Thus, it can be expected that this new 
composite system may show similar tendency. In the first intercalation curve as shown in 
Figure 5.7 (a), two voltage plateaus at ~0.95 V and ~0.8 V were observed. The voltage 
plateau at ~0.95 V can be attributed to the irreversible reaction. On the other hand, the 
plateau at ~0.8 V reflects the reduction of Fe(III) to Fe(0). The deintercalation curve 
showed a sloping plateau at ~1.6 V due to the reverse reaction. The 40 wt%-rGO-Fe2O3 
electrode showed an initial discharge capacity of 1133 mA h g-1 and charge capacity of 
782 mA h g-1 in the first cycle; thus, Coulombic efficiency was about 70%. This 
irreversible capacity observed in the first cycle may be caused by the formation of solid 
electrolyte interphase (SEI) film, the decomposition of electrolyte, and the conversion of 
Fe2O3 to Fe nanoparticles along with the formation of amorphous Li2O 140, 148, 153, 155, 211, 
212. It may be also caused by the interaction of Li ions with the vacant spaces in 
octahedral position of the crystal structure of maghemite167-169. During the second cycle, 
the intercalation capacity decreased to 804 mA h g-1, leading to a much higher Coulombic 
efficiency of 96.3%. Furthermore, when the current density in the 3rd cycle is increased 
from 45 mA g-1 to 500 mA g-1, the intercalation and deintercalation capacities of the 
hybrid material were 663 mA h g-1 and 649 mA h g-1 in 3rd cycle, 649 mA h g-1 and 637 
mA h g-1 in 4th cycle, respectively. The Coulombic efficiencies of those cycles were close 
to 100%.  
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 To identify all of the electrochemical reactions, cyclic voltammetry (CV) was 
conducted on the cell with 40 wt%-rGO-Fe2O3 at room temperature in the 0.01-3.0 V 
range and a scan rate of 0.014 mV/s as shown in Figure 5.7 (c). In the first cycle, the peak 
is observed at ~0.95 V, which can be attributed to the reduction of the irreversible 
reaction with the electrolyte. The peak observed at ~0.75 V can be ascribed to the 
lithiation reaction of Fe2O3 with Li ions as following:157, 213 
OLiFeeLiOFe 232 3266 +⇔++
+  
 Meanwhile, two peaks were recorded at about 1.56 and 1.85 V in the anodic 
process, which correspond to the oxidation of Fe0 to Fe2+ and Fe3+ during the anodic 
process. During the subsequent cycles, the cathodic and anodic peaks are positively 
shifted, which is attributed to the polarization of the electrode in the first cycle. Moreover, 
a decrease of the redox peak intensity from the 1st cycle to 2nd cycle implies that the 
capacity is decreased. However, after first cycling, both the peak current and the 
integrated area of their anodic peaks are changeless, indicating no capacity loss during 
the delithiation process. 
 The intercalation/deintercalation cycling performance of the as-prepared 40 wt%-
rGO-Fe2O3, 27.5 wt%-rGO/Fe2O3, and pure-Fe2O3 were evaluated between 0.01 and 3.0 
V at 0.05 C (first two cycles) and 0.5 C as shown in Figure 5.8 (a). In the first cycle, the 
intercalation capacity of the pure-Fe2O3 nanoparticle electrode is about 1032 mA h g-1. 
However, the capacity continuously decreases and reaches 224 mA h g-1 after 50 cycles, 
which is only about 22% of the initial capacity, illustrating poor capacity retention. In the 
case of hybrid materials, rGO-Fe2O3 nanocomposites, the first cycle capacities of both 40 
wt%-rGO-Fe2O3 and 27.5 wt%-rGO-Fe2O3 at current density of 45 mA g-1, were 1132 
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mA h g-1 and 1059 mA h g-1, respectively. After 50th cycle, the capacities at current 
density of 500 mA g-1 were 666 mA h g-1 and 575 mA h g-1, respectively, and they still 
marked 59% and 54% of the initial capacity. Importantly, the 40 wt%-rGO-Fe2O3 
composite electrode tested at a high current density of 500 mA g-1 exhibited excellent 
cyclic performance, retained 677 mA h g-1 capacity, and showed Coulombic efficiency of 
above 99% as shown in Figure 5.8 (b). 
  To further investigate the electrochemical performance of the hybrid composite 
materials and pure-Fe2O3 nanoparticles, the rate capability of the samples were conducted 
as shown in Figure 5.8 (c). In the case of pure-Fe2O3 electrode, it showed reasonable 
capacities from current density, 0.1 C, to 1C. However, at high current density, for 
example, 2C, 5C, or 10C, its values are very low. When observing the results of as-
prepared samples, 40 wt%-rGO-Fe2O3 and 27.5 wt%-rGO-Fe2O3 composite electrodes, 
they showed higher capacity than that of pure-Fe2O3 nanoparticle electrode. Specifically, 
in the case of 40 wt%-rGO-Fe2O3 composite electrode, it showed better capacity 
retention about 400 mA h g-1, even at high current density of 5C. These results clearly 
show that the well-organized flexible intercalated structure plays an important role in 
improving the electrochemical performance. Fe2O3 nanoparticles tethered 
homogeneously on the graphene sheets result in the dimensional confinement of the 
Fe2O3 nanoparticles, limiting the effect of volume expansion during lithiation due to the 
enough void spaces between graphene sheets. Furthermore, graphene sheets serve not 
only as an efficient conducting matrix for maintaining the structural integrity of the 
electrode during insertion/extraction process of Li ions, but also as an enough enduring 
agent preventing nanoparticles tethered on graphene sheets from aggregating and 
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resulting in the release of the stress that arises during the process of Li+ 
insertion/extraction.  
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Figure 5.8. (a) Cycle performance of the 40 wt%-rGO-Fe2O3, 27.5 wt%-rGO-Fe2O3, and 
pure-Fe2O3 electrodes at current rates of 0.05 C (first two cycles) and 0.5 C. (b) Cycle 
performance of the 40 wt%-rGO-Fe2O3 composite at a current density of 500 mA g-1 for 
100 cycles. (c) The rate performance of the 40 wt%-rGO-Fe2O3, 27.5 wt%-rGO-Fe2O3, 
and pure-Fe2O3 electrodes at different current densities. 
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5.4 Conclusions 
 In summary, modified sol-gel technique for developing reduced graphene 
oxide/iron oxide hybrid structures was successfully utilized, where individual and 
homogeneously-distributed maghemite, γ-Fe2O3, were synthesized and tethered onto the 
surface of graphene sheets. The reduced graphene oxide/Fe2O3 nanocomposite electrodes 
exhibited improved reversible capacity, cycle life, and good rate capability. These 
enhancements can be ascribed to specific hybrid structures, which have significant roles 
such as the formation of the efficient electrically conductive networks, the inhibition of 
aggregation of adjacent Fe2O3 nanoparticles, and the offer of the buffering spaces against 
extreme volume changes of Fe2O3 nanoparticles during continuous intercalation 
/deintercalation process of Li ions. In addition, it is supposed that PAA acts as an 
efficient binder for the battery performance. Reduced graphene oxide/Fe2O3 composite 
electrode maintains a high reversible capacity of 670 mA h g-1 up to the 100th cycle even 
at high current density of 500 mA g-1, showing highly enhanced cycle performance 
compared to that of pure-Fe2O3 nanoparticles. Therefore, graphene sheets tethered with 
transition metal oxide enhance the overall electrochemical properties as anode materials 








CONCLUSIONS AND RECOMMENDATIONS 
 
6.1 Conclusions 
 Synthesized hybrid nanomaterials, CNT-maghemite and graphene-maghemite, 
were utilized to achieve improved physical properties of polymer nanocomposite as well 
as enhaced electrochemical performance for Li-ion batteries, respectively.  
 For the preration of functionalized carbon nanotubes and graphene, a simple and 
novel synthesis method, modified sol-gel process, were successfully applied to both 
nanomaterials, in which an anionic surfactant, sodium dodecylbenezensulfonate 
(NaDDBS), was introduced during the synthesis process for the purpose of preventing 
three-dimensional networks of nanoparticles, which results in gel formation. They formed 
a self-assembled protective layer around the iron. This coordination has been able to 
prevent the approach of the propylene oxide molecules within the coordination sphere of 
the iron centers. Therefore, due to the presence of the NaDDBS molecules, no aggregates 
of γ-Fe2O3 were formed but rather the nanoparticles remained individually isolated both 
on the surface of carbon nanotubes and on the graphene sheets. Therefore, It can be 
drawn a conclusion that the modified sol-gel technique could be effectively extended 
from carbon nanotube system to graphene one. 
 As-prepared magnetic carbon nanotubes (m-CNTs) could be readily aligned 
parallel to the direction of magnetic field, even under a low magnetic field, and generated 
anisotropic features afftected the anisotropic electrical and mechanical properties of the 
composites. The conductivity measured in the direction parallel to the magnetic field was 
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higher than that measured in the direction perpendicular to it. In addition, tensile modulus 
and tensile strength in the samples in which the alignment of the m-CNTs was parallel to 
the applied stress were higher than those in the samples in which the alignment of the m-
CNTs was perpendicular to the applied stress. Therefore, anisotropic materials with 
enhanced physical properties could be achieved by developing epoxy-m-CNTs and PEO-
m-CNTs composite systems with an aligned filler phase. 
 In the study on graphene/γ-Fe2O3 composites, as-prepared composites were used 
as anode materials for Li-ion batteries. γ-Fe2O3 nanoparticles combined with porous 
graphene sheets exhibit several advantages. (1) The ultrathin graphene sheets can act as a 
barrier to prevent the aggregation of γ-Fe2O3 nanoparticles and enhances the cycle 
performance. (2) The porous graphene sheets can provide a void space against the 
volume changes of the γ-Fe2O3 nanoparticles during Li-ion insertion/extraction process, 
which can improve the cycling performance. (3) The graphene sheets itself is an active 
material for additional Li+ storage, which is of great benefit to the reversible specific 
capacity. (4) The γ-Fe2O3 nanoparticles are anchored on the surface of the graphene 
sheets, which could lead to a high rate performance due to the high electronic 
conductivity of graphene sheets and short path length for Li+ transport of γ-Fe2O3 
nanoparticles. Therefore, due to these significant advantages, graphene/γ-Fe2O3 
composite electrodes showed large reversible specific capacity, long cycling life and 






 1. The hybrid nanostructures, carbon nanotubes (CNTs)/iron oxide and reduced 
graphene oxide (rGO)/iron oxide, have become more and more significant since they play 
important roles for enhanced polymer nanocomposite systems and improved 
electrochemical performance of rechargeable battery systems. Therefore, the detailed 
study on the effect on sizes and shapes of tethered nanoparticles should be investigated. 
 2. The alignment of carbon nanotubes in polymer matrix is very significant to 
achieve enhanced anisotropic physical properties. For the purpose of obtaining facile 
alignment of magnetic carbon nanotubes in epoxy matrix even at high mass loading, as 
discussed in the Chapter 3, optimaized conditions should be investigated. 
 3. In the study on PEO-m-CNTs composite films, crystallization kinetics of PEO 
were investigated. It was drawn a conclusion that there are interactions between polymer 
chains and nanoparticles tethered on the surface of carbon nanotubes. Regarding this, 
detailed study on the interactions between PEO and nanoparticles has to be performed 
because it affects the crystallinity and orientation of PEO in composites as well as 
physical properties of the composites. 
 4. Reduced graphene oxide (rGO)/maghemite (γ-Fe2O3) nanostructrues were 
utilized as anode materials for enhancing electrochemical performance for Li-ion 
batteries. If thin carbon film on iron oxide nanoparticles tethered on the graphene sheets 
could be coated by carbon deposition process, it could show better rate performance. 





X-RAY DIFFRACTION PATTERN OF HEMATITE 
 
 
Figure A.1. The XRD spectra of α-Fe2O3. When applied the same synthesis method of 
iron oxide nanoparticles in the absence of carbon nanotube, the structure of iron oxide 
was that of hematite, i.e. α-Fe2O3. Therefore, it can be assumed that the carbon nanotubes 

















Figure B.1. SEM images of the fracture surfaces of the composite films. (a) 0.5 wt%; (b) 
1.0 wt%; (c) 3.0 wt%; (d) 5.0 wt%; (e) low magnification image of cross section of 
composite films. Yellow arrows in Figure (a) indicate magnetic carbon nanotubes 
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